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NOTICE

This report was prepared as an account of Government sponsored work. Neither

the United States, nor the National Aeronautics and Space Administration

(NASA), nor any person acting on behalf of NASA=

A.) Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-

tion contained in this report, or that the use of any information,

apparatus, method, or process disclosed in this report may not

infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method or

process disclosed in this report.

As used above, "person acting on behalf of NASA" includes any employee or

contractor of NASA, or employee of such contractor, to the extent that such

employee or contractor of NASA, or employee or such contractor prepares, dis-

seminates, or provides access to, any information pursuant to his employment or

contract with NASA, or his employment with such contractor.

Request for copies of this report should be referred to

National Aeronautics and Space Administration

Office of Scientific and Technical Information

Attention: AFSS-A

Washington, D. C. 20546
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FOREWORD

This report presents the results of a program designed

to evaluate the corrosion resistance of selected superalloys to

lithium fluoride at cyclic elevated temperatures. This work was

performed between July 1963 and July 1965 in support of the NASA

Brayton Cycle Program under NASA Contract NAS 3-2779.

The work was carried out by the Materials Research and

Development group of the Equipment Laboratories of TRW Inc., under

the supervision of E.J. Vargo and technical direction of R. C. Schulze.

Other contributors to the program included D. B. Cooper, V.R. Brittain,

and R.D. Shorf. This report was prepared as TRW Report ER 6561.

The program was administered by J. A. lviilko of the Solar
and Chemical Power Brach Office at the NASA - Lewis Research Center.

Prepared by

Approved by

Approved by

R. C. SchulzeG

Research Metallurgist

V/" Var_
R_search _ipervisor

C_ J. Guarnieri

Mana g e r
Materiais Research and
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ABSTRACT

Eleven superalloys were evaluated to determine

their resistance to corrosion by lithium fluoride in a cyclic

temperature environment. The tests were operated under

simulated NASA Brayton Cycle system conditions (maximum

lithium fluoride temperature - 1850°F, minimum lithium

fluoride temperature - 1500°F) to determine the best mat-

erial for fabrication of the heat receiver. The results of

the program indicated Haynes alloy No. 25 to be the best

ii



ER 6561

TABLE OF CONTENTS

Page No.

FOREWORD ................................................. i

ABSTRACT .................................................. ii

TABLE OF CONTENTS ....................................... iii

LIST OF FIGURES ........................................... v

LIST OF TABLES ............................................ xi

SUMMARY:. .................................................. xiv

L INTRODUCTION .................. . ...................... 1

II. BACK GROUND ........................................... 4

LIL MATERIALS ................................... . ......... 8

IV, TASK II TEST PROCEDURE ............................... 17

A. Capsule Fabrication ................................... 17

B. Test Furnace ......................................... 20

C. Capsule Failures ...................................... 23

V. TASK III TEST PROCEDURE ............................... 30

A. Capsule Fabrication ..................................... 30

B. Test Furnace .......................................... 32

C. Capsule Failures ....................................... 40

VI, EXAMINATION PROCEDURE ................................ 41

A. Capsule Evaluation ...................................... 41

B. Corrosion Evaluation .................................... 43

C. Electron-Beam Microprobe Analysis ...................... 45

VII, RESULTS ................................................. 47

A. Iron Base Alloys ........................................ 47

i. Haynes Alloy No, 56 ............................... 47

2. Incoloy 800 ....................................... 51

3. Type 318 Stainless. Steel ........................... 54

B. Nickel Base Alloys ......... ............................. 54

I. Solid Solution I-lardenable .......................... 54

a. Hastelloy N ................................ 54

b. Hastelloy X ................................ 61

2. Precipitation Hard,_nable ........................... 7 1

a. Inconel X-750 .............................. 7 1

b. Rene 41 ................................... 75

c. Udimet 500 ................................ 82

d. Waspaloy .................................. 87

iii



ER 6561

VIII.

IX.

C,

Page No.

3. Dispersion Hardenable ........................... I00

a. TD Nickel ................................ 100

Cobalt Base Alloys .................................... 107

I.. Haynes Alloy No. Z5 .............................. 107

DISCUSSION OF RESULTS .................................

A. Corrosion ............................................

1. Iron Base Alloys ................................. 1

2. Nickel Base Alloys ............................... 1

3. Cobalt Base Alloys ............................... 1

4. Finned Capsules .................................. 1

5. Capsule Failures ................................. 1

6. Welding ......................................... 1

7. Capsule Cleaning and Fluoride Purity ............... 1

8. Classification of Alloys ............................ 1

B. Metallurgical Stability ....................... ........... 127
CONC LU SIONS ..................................... ....... 129

REFERENCES ............................................. 131

119

119

19

21

22

22

23

25

Z5

Z6

iv



Figure

No.

o

,

,

4.

5.

6.

7.

8.

9.

10.

11.

14.

15.

LIST OF FIGURES

ER 6561

Title

Photograph showing the general appearance of the random

cuttings from the lithium fluoride single crystals 13

Photograph showing the vacuum oven attached to the back

of the dry box 15

Photograph showing the inside of the vacuum oven. 16

Photograph showing the appearance of the cyclic test furnace 21

Photograph showing an inside view of the test furnace 21

Photographs showing the appearance of the capsule container 22

Photograph showing the appearance of the control panel 24

Appearance of the capsule container which failed after 672 hours 26

Appearance of the Rene 41 capsules removed fromtest after

672 hours of operation 27

Sequence of steps used in the fabrication of the capsules under

Task III 31

Sequence of steps used in the fabrication of the internally

brazed nickel fins 35

Schematic drawing of the thermocouple capsule used in Task Ill 36

Photograph showing the distortion incurred by the capsule

container 38

Photograph showing the placement of the bulkheads in the

capsule container 39

Schematic drawing showing the locations of the specimens.

removed from the test capsules 42

Page No.

v



ER 6561

Figure
No.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Title

Examples illustrating types of corrosive attack by
the corrosive media

Photomicrograph showing the attack incurred by the

specimen removed from Hayne_ alloy No. 56': capsule
No. 26 (97 17 hours)

Photomicrograph showing the as-received micro-

structure of Haynes alloy No. 56

Photomicrographs Of spe_imana remevdd froml Incoloy

800 capsules aftei" 1560 and 5(_5-_ hours, along with a

specimen of the as-received tubing

Photomicrographs of specimens removed from Type

318 Stainless Steel Capsules after 1560 and 2540 hours,

along with a specimen of the before test tubing

Photomicrographs illustrating the pitting attack incurred
by Hastelloy N after the times shown

Photomicrographs showing the surface pitting and light

depletion attack incurred by Hastelloy N capsule No. 30
after 3989 hours

Photomicrograph of the as-received microstructure of

Hastelloy N

Photomicrographs of specimens removed from Hastelloy
X capsules after 1560, 2540 and 4661 hours

Photomicrographs of specimens removed from Hastelloy

X capsules after 5056 and 97 17 hours, along with a

specimen of the as- received tubing.

Page No.

44

49

49

53

55

58

59

59

63

64

vi



ER 6561

Figure
NO. Title Page No.

Z6.

ZT.

28.

Zg.

30.

31.

3Z.

33.

34.

35.

Appearance of the fracture surface found in

Hastelloy X capsule No. 41

Photomicrograph showing the appearance of the

fracture found in Iq_astelloy X capsule No. 41

Photomicrograph showing the appearance of the

fracture found in Hastelloy X capsule No. 42

Photomicrograph showing the depletion attack found

along the wall of Hastelloy X capsule No. 4Z

Photomicrographl showing the leaching attack incurred

at the top of Inconel X-750 capsule No. 33 (5056 hours)

Photomicrggraphs showing the appearance of Inconel

X-750 tube wailsafter 1560 and 2540 hours, along with

a photomicrograph of the tube wall in the before test
condition

Photomicrograph of a specimen removed from the

bottom of Rene 41 capsule No. 8 showing the hearer

intergranular and leaching attack incurred

Photomicrograph of a specimen removed from the

top of Rene 41 capsule No. 5 showing the attack incurred

Photomicrograph of a specimen removed from the

bottom of Rene 41 capsule No. 5 showing the maximum
amount of corrosion incurred

Photomicrograph showing the maximum attack found in

l_ene 41 capsule No. 2

65

66

66

68

68

73

77

78

78

80

vii



ER 6561

Figure

No.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Title

Manrographs of the inside wall of Udimet 500

capsule No. 10 showing the appearance of the
circumferential cracks

Macrograph of Udimet 500 capsule No. 11 showing

the circumferential crack found at the top of the
weld bead

Photomicrograph of Udimet 500 capsule No. 10

tube wall showing the attack incurred along the
crack surface

Photomicrograph of the inside surface of Udimet

500 capsule No. l0 showing the maximum depth of

attack incurred 90 ° away from the crack

Photomicrograph showing the leachiDg and depletion

attack incurred by Waspaloy capsule No. 67 after

1560 hours of exposure

Photomicrograph showing the maximum attack incurred

by Waspaloy capsule No. 68 after 2540 hours exposure
to lithium fluoride

Photomicrograph showing the attack incurred in Waspaloy

capsule No. 28 after 3989 hours exposure

Photomicrograph showing the attack incurred in Waspaloy

capsule No. 27 after 5992 hours

Photograph showing the general appearance of the nickel

fin where it; was brazed_o the Waspaloy Tube (Capsule
No. 7 2)

Page No.

83

84

85

85

89

89

9O

9O

91

viii



• ER 6561

Figure
No.

45.

46.

47.

48.

49.

50.

51.

52.

55

54.

Title

Photomicrograph showing the heavy intergranular

and depletion attack incurred in the capsules con-

taining the brazed nickel fins

Photomicrograph showing the hardness and structure

of Waspaloy in the as-received condition

Electron photomicrograph showing the as-received

microstructure of Waspaloy at 6000X

Electron photomicrograph showing the presence of

massive agglomerates of gamma prime, a very fine

second-generation gamma prime and the partial

solutioning of the carbides in Waspaloy after 3989
hour s

Electron photomicrograph showing the re-solutioning

of the massive gamma prime and the carbides leaving

a very findly _lispersed second generation gamma prime

in Waspaloy after 5992 hours of exposure

Minor phase concentration as a function of aging

temp eratur e

Photomicrograph of the weld bead in TD Nickel capsule

No. 18 showing the appearance of the attack and corrosion

Photomicrograph showing the corrosive attack which
occurred around the Rene 41 weld bead in TD Nickel

capsule No. 17

Photomicrograph showing the light depletion to the wall

of TD Nickel capsule No. 18

Photomicrograph showing the depletion attack to the wall

of (rD Nickel capsule No. 17

Page No.

91

96

96

97

97

99

102

102

103

103

ix



ER 6561

Figure
No.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Title

Photomicrograph showing the attack incurred by

the tube wall from capsule No. 20

Photomicrograph showing the leaching attack to

the GE J8400 braze fillet in TD Nickel capsule No. 2G

Photomicrograph showing the depletion attack along

the wall from TD Nickel capsule No. 19

Photomicrograph showing the pitting attack along the

wall from TD Nickel capsule No. 21

Photomicrographs illustrating the limited attack incurred

by Haynes alloy No. 25 after the times shown

Photomxcrographs showing the surface pitting incurred

by Haynes alloy No. 25 after 5056 and 97 17 hours

expo sure

Photomicrograph showing the appearance of the Nickel

fin and the braze filled from Haynes alloy No. 25

capsule No. 49

Photomicrograph showing the light depletion attack found

along the wall of I-Iaynes alloy No. 25 capsule No. 49

Photomicrograph showing the structure of Haynes alloy
No. 25 in the as-received condition

Electron photomicrograph showing the twinned austenitic

structure of the as-received Haynes alloy No. 25

Electron photomicrograph showing the presence of carbides

along the grain boundaries and within the grains after 1560
hour s

Electron photomicrograph showing the presence of carbides

along the grain boundaries and within the grains after 4661
hour s

x

Page No.

105

105

106

106

ii0

Iii

112

112

115

115

116

116



ER 6561

LIST OF TABLES

Table

No.

i.,

,

,

4.

5,

6.

7

8.

Title Page No.

Preliminary Operating Conditions For the NASA

Brayton Cycle Heat Receiver 2

Relative Free Energy of Formation o£Fluoride

Compounds Formed by Elements Used in the Various

Test Materials 6

Composition of Capsule Materials 11

Capsule Summary for Task II Furnace 1 19

Capsule Summary for Task Ill Furnace 1 33

Capsule Summary for Task Ill Furnace 2 34

Specimens Analyzed by the Electron-Beam Microprobe 46

Summary of the Test Capsule Results - Iron Base

Alloy s 48

Average Hardness of the Iron Base Capsules 50

Results of the Spectrographic Analysis of the Lithium

Fluoride Removed from the Capsules Fabricated from

the Iron Base Alloys 52

Summary of the Test Capsule Results - Hastelloy N 56

Average Hardness of Hastelloy N Capsules 60

xi



ER 6561

Table

No. Title Page No.

13.

14.

15.

16.

17.

18.

19.

22.

23.

24.

Results of the Spectrographic Analysis of the Lithium

Fluoride Removed from CapsulesFabricated of

Hastelloy N

Summary of Test Capsule Results - Hastelloy X

Average Hardness of Hastelloy X Capsules

Results of Spectrographic Analysis of the Lithium

Fluoride Removed from Capsules Fabricated of

Hastelloy X

Summary of Test Capsule Results - Inconel X-750

Average Hardness of Inconel X-750 Capsules

Results of Spectrographic Analysis of the Lithium

Fluoride Removed from Capsules Fabricated of
Inconel, X-750

Summary of Test Capsule Results - Rene 41

Results of the Spectrographic Analysis of the Lithium

Fluoride Removed from Rene 41 Capsules

Results of Electron Microprobe Analysis of Rene 41

Specimens

Results of Spectrographic Analysis of the Lithium

Fluoride Removed from Udimet 500 Capsule No. 10

Summary of Test Capsule Results - Waspaloy

60

62

69

70

72

74

74

76

81

81

87

88

xii



ER 6561

Table

No.

25,

26.

27.

28.

29.

30.

31.

Title

Results of Spectrographic Analysis of the Lithium

Fluoride Removed from Capsules Fabricated of

Waspaloy

Comparison of Waspaloy Mic rostructure

Summary of Test Capsule Results - TD Nickel

Results of Spectrographic Analysis of the Lithium

Fluoride Removed from Capsules Fabricated of

TD Nickel

Average Hardness of TD Nickel Capsules

Summary of Test Capsule Results Haynes Alloy No. 25

Results of Spectrographic Analysis of the Lithium

Fluoride Removed from Capsules Fabricated of

Haynes Alloy No. 25

Average Hardness of Haynes Alloy No. 25 Capsules

Depth of Attack (Inch) Experienced by the Candidate

Alloys as a Function of Time

Pase No.

93

95

I01

108

108

109

114

118

I20

xiii



ER 6561

SUM___ARY

The corrosive effects of lithium fluoride upon

eleven superalloys were investigated. The test materials

included iron-base, nickel-base, and cobalt-base alloys.

Sealed metal capsules of different designs containing the

lithium fluoride were used as the test specimens. Several

of the capsules tested were equipped with internally brazed

nickel fins. The tests were conducted in an argon atmosphere

for periods up to 9, 717 hours. All the tests were cycled be-
tween 1500 ° and 1850"F.

Based on the capsule results, the materials tested

were classified into three groups, dependant upon the depth

of corrosive attack as indicated by metallographic examination.

Of the eleven alloys tested, six (Hastelloy X, Hastelloy N,

Haynes alloy No. 25, Inconel X-750, TD Nickel and Type

318 Stainless Steel) were found to be superior and would not

suffer an attack greater than 0. 001 inch in 10, 000 hours.

It was indicated from these tests that the remaining five

materials (Haynes alloy No. 56, Incoloy 800, Kene 41, Udimet500,

and Waspaloy) would suffer a corrosive attack which would

penetrate to a depth of more than 0. 005 inch in 10,000 hours.

In general, the precipitation-hardenable nickel-base

alloys Rene 41, Udimet 500, and Waspaloy were found to be

unsuitable for the proposed application. These three alloys

were quite susceptable to attack and also demonstrated fabri-

cation and/or metallurgical problems.

The presence of internally brazed nickel fins in three

capsule alloy systems (Hastelloy X, Haynes alloy No. Z5 and

Waspaloy) produced an increased depth of corrosive attack.

xiv
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Except for the use of precipitation-hardenable nickel-

base alloys in welding, the choice of filler material used for

welding did not appear to be critical in respect to corrosion

resistance of the capsule material.

The method of cleaning the capsule metal surface does

not appear to affect the rate of attack. Also, no differences could

be detected in the corrosiveness of lithium fluoride within purity

limits of 99.5 and 99.9 weight per cent lithium fluoride.

Of the six alloys, which demonstrated excellent corrosion

resistance, only one, Haynes alloy No. 25, appears completely

suitable for use as the heat receiver material of construction. This

conclusion is based principally upon the superior metallurgical

stability exhibited by the alloy after exposure to the test conditions

for times up to 9,717 hours. The other five alloys presented

problems in ability to retain their high-temperature strength as

a result of exposure to the test conditions.

XV
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L INTRODUCTION

Within the past decade, several power systems using

solar energy have been proposed and studied for supplying electrical

power to satellites orbiting the earth. These power systems require

means to store excess solar thermal energy during the daylight portion

of the orbit. This energy is then released to the working fluid during

the shade portion of the orbit. To date, the best method for storing
thermal energy is to make use of the heat of fusion of a material

which has a melting point slightly above the maximum working fluid
tempe ratur e.

For the Brayton Cycle system, the thermal energy storage
material:is lithium fluoride. This material was selected because of

its convenient melting point of 1560°F compared to the nominal

outlet temperature of the turbine working fluid, argon, of 1490"F.

Lithium fluoridelhas a h:eat of fusion of449BTU/lb and a room temper-

ature density of approximately 165 Ib/ft 3. However, very little
information is available on its corrosiveness.

Because of this lack of information on the corrosive

properties of lithium fluoride, an investigation was undertaken

by the Materials Technology Department of TRW Inc. This program

was specifically directed toward the selection of materials to con-

tain lithium fluoride under the conditions stated for the proposed

NASA Brayton Cycle Solar Power System. The contemplated

operating conditions are shown in Table 1. This program was

sponsored by NASA under contract NAS 3-2779. The test program

was designed to yield data on the following.

1. The effect of lithium fluoride upon selected container

materials at temperatures cycling between 1500 and 1850°F.

2. The effect of lithium fluoride purity upon corrosion.

3. The attack of welds or braze joints by lithium fluoride.

4. The corrosion by lithium fluoride on dissimilar metal

systems.
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TAB LE 1

Preliminary Operatin 8 Conditions for the NASA Brayton Cycle
Heat Receiver

Maximum Lithium Fluoride Temperature

Minimum Lithium Fluoride Temperature

Argon Outlet Temperature (Nominal)

Argon Inlet Temperature (Nominal)

Argon Flow Rate

1850°F

1500°F

1490°F

986°F

36.7 Ib/min

The capsule testing program discussed in this report
was divided into two tasks (II and IH). These two tasks differed

primarily in the technical procedure used in Task HI. During

the course of Task II, the failure of several capsules resulted

in the inadvertent loss of other capsules in the vicinity of the

failed capsule. Thus the method of capsule fabrication was

altered, and additional test equipment was installed to protect

the capsules tested under Task IlL Because of these differences,

the introductory portions concerhing the technical procedure

used for the two tasks are discussed separately. The results,

discussion of the results, and conclusions are based on the

entire program.

The actual capsule testing procedure for the two tasks
was as follows.

2
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Task II

Furnace No. I

One te st for a maximum length of 4, 661 hour s.

Task ILl

Furnace No. 1

One test for a maximum length of 5,056 hours.

Several capsules were carried over from Task II

furnace No. 1 for a maximum total of 9, 7 17 hours.

Furnace No. 2

One test for a maximum length of 1,560 hours.

One test for a maximum length of 2, 540 hours.

{After 1, 560 hours of operation of furnace No. 2,

several of the test capsules were removed. The

remainder were tested for 2, 540 hours.}

All of the capsules were scheduled to be cycled in

temperature_ from 1500eFto 1850"F. The length of time required
to heat from 1500 ° to 1850"F was to be one hour. The time

required to cool back to 1500°F was to be one-half hour.

3
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IL BACKGROUND

In recent years, several ir_vestigators have studied
the corrosion of metals byfl:uorides. (1'2' 3, 4, 5, 6)$ Most of

this work has been done in the field of nuclear reactor tech-

nology. And, for the most part, the data obtained on fluoride

corrosion have beenforlmixtures bf flfi6rides containing lithium

fluoride. Also, the temperatures involved were lower than the

proposed Brayton Cycle system temperatures. However, the

results of the investigations have shown the corrbsion by
- i71fluorides to be similar to that caused by liquid metals. The

main difference is in corrosion mechanisms. With liquid metals,

the primary corrosion mechanism is the solubility of the con-

tainer material in the liquid metal. Whereas, with fluorides,

the corrosion occurs through oxidation-rec_uction reactions
between the fluoride and the container material. These reactions

can involve impurities and/or constituents of the fluoride.

As with liquid metals attack by fluoride can occur through:

1. uniform removal of the wall,

2. selective attack at the grain boundary,

3. selective removal of one or more constituents

of the container.

The variables present in engineering systems involving
metals which affect fluoride corrosion inctude:

1. temperature,

2. temperature gradient,

3. cyclic temperature fluctuation,

4. surface area to volume ratio,

5. purity of the fluoride,

6. surface condition of the container material,

7, number of materials in contact with the fluoride; and,

8. metallurgical condition of the container material

(the presence of a grain boundary precipitate, the

presence of a second phase, and the grain size).

$ The numbers in parentheses pertain to the references listed at the

end of the report. 4
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Considering the free energies of formation of fluorides,

lithium fluoride should behave in an inert manner. This is indicated

in Table 2, which compares the free energies of formation of

various fluorides of interest at several different temperatures.

As shown, at 77 ° (298°K), 1500" (ll20°K) and 1850°F (1283"K),

lithium fluoride has the highest negative free energy of formation.

However, the presence of impurities could seriously

affect the predicated inertness of lithium fluoride. Oxidizing

impurities, such as adsorbed water and fluorides such as nickel

and/or ferrous fluoride if present could cause serious problems.

Typical reactions involving impurities such as these are as

follows:

H20 + 2LiF _ Li20 + 2HF (I}

2HF + Fe _ FeF 2 + H 2 (2)

FeF 2 + Cr _ CrF z + Fe (3)

Of the reactions shown, reactions (1) and {2) can present

the greatest problem. With the presence of heat, lithium fluoride

and water react to form lithium oxide and hydrogen fluoride

(reaction 1). At the temperatures of operation (1500 ° to 1850°),

hydrogen fluoride is a strong oxidant and can cause serious corrosion.

Corrosive attack, once initiated by hydrogen fluoride,

would not necessarily stop after the consumption of hydrogen

fluoride since some of the corrosion products formed, in turn,

would be reactive. For example, as illustrated in Table 2,

ferrous fluoride formed by the reaction between iron and hydrogen

fluoride would react with chromium, titanium, and aluminum,

providing these elements were present in the material. Reactions

(2) and (3) illustrate the manner in which the attack would occur.

Thus, once started, the corrosion would not cease until non-

reactive corrosion products were formed.
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Another impurity which could present problems,

especially with nickel base alloys, is sulfur. The sulfur

could be present in lithium fluoride as free sulfur or as a

sulfide. In this case, with nickel base alloys, the effect

would be the reaction and diffusion of sulfur into the grain

boundaries. This would result in the weakening of the alloy

through embrittl ement.

In general, previous work conducted at_ ORNL ( 1, 4)

has shown the corrosion resistance of pure metals in contact

with fluorides to follow in the order of their free energies of

formation. Thus of the elements shown in Table 2, molybdenum

is the most stable and least corroded; whereas, thorium would

be readily attacked. With alloys, the work has shown nickel

and molybdenum base alloys to be the least corroded. And,

in general, the depth of corrosion of these alloys was depencle_t

on the amounts of chromium, tStanium, and aluminum contained.
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m. MATERIALS

The choice of each material evaluated under this test

program was based upon one or more of several criteria: (1)

commercial availability, (2) mechanical properties at 1500 °- 1850°F,

and (3) ease of fabrication (shaping and j oining). When available,

certifications of composition were obtained for all materials

tested. Analyses of materials for which certifications were

unavailable were conducted by the Materials Technology Department.

The container materials evaluated under this program

included the following superalloys:

Iron base alloys

Solid solution hardening alloys

Type 318 Stainless Steel

Haynes alloy No. 56

Incoloy 800

Nickel base alloys

Solid solution hardening alloys

Hastelloy N

Hastelloy X

Precipitation hardening alloys

Inconel X-750

Rene 41

Udimet 500

Wa spa loy
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Dispersion hardening alloy

TD Nickel

Cobalt Base Alloy

Solid solution and precipitation

hardening alloy

Haynes alloy No. 25

In addition to the above unimetallic capsules, capsules

were tested using different welding filler materials and brazing

materials. Also, Haynes alloy No. 25, Hastelloy X, and Waspaloy

capsules were tested with internally brazed nickel fins. These fins
were fabricated from Nickel 200.

The choice of brazing materials used are not the only ones

available for use in the prescribed environment. Because of an

oversight, the cobalt-base brazing alloy GE 38400 was used to

braze the TD Nickel capsules. The original plan was to use Rene 41

as the brazing material.

General Electric alloy 58102 was picked as the brazing

alloy for use with the nickel finned capsules. This choice was made
on the basis that:

1. It was designed for the brazing of thin gauge honeycomb.

. It has one of the highest solidus temperatures (1975"F);

thus it appears to be stronger at 1850"F than any of the

other alloys.

. It contains no boron (most of the nickel base brazing

alloys contain appreciable amounts of silicon and/or

boron. Both of these elements can diffuse into the

grain boundaries of the materials to be joined resulting

9
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in low melting compounds within the grain

boundaries. Of the two, boron is by far the

most damaging with respect of diffusion into

_[nd alloying within the base metal grain
boundaries. )

The composition of the test materials may be found in
Table 3. The analyses shown were either obtained from the

vendor or were conducted by the Materials Technology Department.

Those analyses made by TRW are marked with an asterik (#).

The lithium fluoride used in the Task II tests was of

the highest purity available in an "off-the-shelf" grade. It was

purchased according to the following specifications.

Component

Lithium Fluoride

SO 4

Iron as Fe203

Heavy Metals as Pb

Carbon Dioxide as Li2CO 3

Weight Loss at 180°C

Amount (% by weight)

99.5

O. O1

0.02

O. 001

O. 05

0.03

The lithium fluoride was shipped sealed within a

plastic bag. Upon receipt, it was immediately transfered to

a desiccator and stored in a dry box under an atmosphere of

argon (99. 995 per cent argon by volume}. As stated earlier,

10
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the corrosive nature of lithium fluoride is quite dependent upon

the types and amounts of impurities present. Thus, to prevent

such contamination, all handling of the fluoride was carried out

in the dry box under an atmosphere of argon. While not in use,

the lithium fluoride remained in the desiccator under either argon

(99. 995 per cent argon by volume) or vacuum (I micron ).

In contrast, the lithium fluoride used under Task III

was specified in the contract to be at least 99.9% pure by weight.

Fluoride of this purity was obtained from random cuttings from

single c.Tystal ingots. The random cuttings were similar to those

shown in Figure 1. A typical analysis of a Single cr_rstal is as
follows.

Fe 1 ppm

Cr Not detected

Ni Not detected

A1 I ppm

Ca 1 ppm

Mn I ppm

Si 1 ppm

Although the vendor was not equipped to analyze for

sulfur, water, or hydrogen fluoride, an infra-red survey revealed

the following points.

1. H20 and HF should be nil since there was no adsorption
in the infra-red spectra at the points where these com-

pounds would appear.

12



Figure  1. Photograph showing the general  appearance of 
the random cuttings f rom the lithium fluoride 
single crystals .  
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Z_ Sulfur may or may not be present in minute

quantities. There was adsorption in the infra-

red spectra at the point where sulfur would

appear, but the hydroxyl ioi_ (OH) also causes

adsorption at the same point. The vendor felt

that the adsorption was more likely caused by

hydroxyl than by sulfur but would not make a

claim past this point.

The fluoride was shipped sealed in plastic bags.

Immediately upon receipt, the fluoride was placed in the dry

box and opened under argon. It was immediately transfered

to stainless steel beakers and placed into a vacuum oven

attached to the back of the dry box. This oven, shown in Figures Z

and 3, was specifically designed and constructed to store the
fluoride.

The fluoride remained within the oven at approximately

Z00°F under argon or vacuum except when some was required

for capsule filling. All handling such as the crushing of the cuttings,
weighing and loading of the capsules was carried out under an

argon atmosphere (99. 998 per cent argon by volume).

14



Figure 2. Photograph showing the vacuum oven attached 
to the back of the d ry  box. 
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Figure  3. Photograph showing the inside of the vacuum oven. 
The beaker contains some of the l i thium fluoride 
single crystals .  
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IV. TASK II TEST PROCEDURE

A. Capsule Fabrication

The majority of capsules tested were fabricated

from segments of tubing 7.5 inches long with machined end-

caps welded to each end of the tube. The top end-cap had a

0. 125 inch hole drilled through it to allow the capsule to be

filled.

The tubing of the materials selected for test were

cut to 7.5 inch lengths and the bottom end-cap was welded

on by inert-gas arc welding. At this stage the capsules

were cleaned by immersion for five to ten minutes in an

oxidizing-salt bathat:800°F. This was followed by acid

pickling (2 minutes in 10% sulfuric acid; 1 minute in 10%

hydrofluoric acid, 20% nitric acid, 70% water mixture;

30 minutes in a permanganate solution; 1 minute in nitric

acid followed by a cold water rinse). The salt used was

commercially available caustic soda with added oxidizing

salts (4.0 per cent sodium nitrate}. For most of the mat-

erials_ this method cleaned the capsules. However, it

would not remove the oxide scale from the Rene 41 or

Udimet 500 capsules (which were solution treated before

welding). The Rene 41 and Udimet 500 capsules were

cleaned by vapor blasting with No. 625 Novaculite.

After cleaning, the top end-cap was joined by

welding in a dry box under an argon atmosphere. Before

loading, each capsule was checked for welding and fabrication

flaws with a dye-penetrant. The capsules were then loaded

in a dry box with commercially pure lithium fluoride (99.5%

by weight, pure) under an argon atmosphere. The amount

of lithium fluoride placed in the capsules was enough to fill

two-thirds of the capsule volume at 1850°F. For the capsules

fabricated from one-half inch tubing (0. 045 and 0. 065 inch

17
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wall), this amounted to 14.5 grams. For Waspaloy (0. 625

inch OD by 0. 073 inch wall) and Rene 41 (0.75 inch OD by

0. 040 inch wall) the amount of lithium fluoride used was

28.0 and 53.4 grams respectively. Before removing the

capsules from the dry box, a plastic hose was fitted over the

open end cap. By use of the plastic hose, the capsules were

connected to a vacuum system and heated to approximately

1200°F. Th_capsules were held at this temperature for

approximately 30 minutes under a vacuum of 5 to 10 microns.

The purpose of this treatment was to remove as much adsorbed

water as was possibla:from the lithium fluoride.

After the vacuum treatment the capsules, still

sealed by the plastic hose, were transfered to the welding dry

box. Once in the box and under an argon atmosphere, the

plastic hose was removed. The hole in the top of the capsule

was then sealed by welding. Also, a Nichrome wire was

welded to the end cap to suspend the capsule in the test furnace.

Besides single-metal capsules, several capsules were

fabricated to evaluate the effects of welds. These capsules had

two slots 180 ° apar_ and five inches in length machined through

the tube wall in a direction parallel to the tube axis. These slots

were then sealed by welding with the prescribed filler rod for

that particular alloy.

Because of joining problems associated with TD nickel,

two methods of joining were investigated. These were brazing,

and welding with a dissimilar metal. The braze material inves-

tigated was GE alloy 58400. The welding filler investigated was
Rene 41.

The capsules originally placed into test under Task LI

are shown in Table 4. The Waspaloy and Hastelloy N capsules were

placed into test after 672 hours of operation. These four capsules

replaced the four Rene 41 capsules that were removed after 672

hours. Also, as shown in Table 4, failures occurred after 672,

1327, 2174 hours of operation. The capsules noted as "opened

18



H

u_
<

0

<

O'3

<
u

o
u

5._
O_

Lq •

0,.-4

u_

i _ •

0 o

o_"4

! !

,r'l .r'_

u _

0
u u

ER 6561

0 ,-.-4
°_--t

,I_ o o
0 0 0 U U U

_ _ I_ _ 0 0 0 t_, _ 0 0 _ 0
0 0 ,_ 0 0 U O O 0 0 0 0 0 0 0

(-.- e,) eq e4 e,) _-. _--

_-4 ,--4 ,...-4

+ +
,--4,---4

'_ '4D

+++ ++ +

_ e,] e,)

666
ZZZ

>, >, >,
o o O

_0 O0 rOU 0 000 U

O0

ZZ m

MMM oO _

000 OOOO

!

:x_ aO CO

_ _ _ _ _ •

2 o o MNM oo_ ZZ

_ _ __ 0 0 0 0 0 0 0

....... _ _
_zzzzz_ _

"0

Q

I

rn
,-]

6

I

19



ER 6561

and examined - did not fail" were capsules whose integrity was

questionable during the course of the scheduled test.

B. Test Furnace

Capsules were tested in one of the cyclic temperature

test furnaces pre, ously designed andconstru  e   r Lithium Hydride
corrosion testing under NASA contract 5-462. _'' " Photographs

of the furnace are shown in Figures 4 and 5. This furnace

was modified to allow cyclic operation between 1500 and 1850°F.

The vertical walls of the furnace were constructed of three

rows of insulating brick. The first (inner) and second rows

were separated by a four-inch gap through which air was forced

during the cool cycle.

Capsules were contained in the furnace within a chamber

fabricated from 1/8 inch thick Hastelloy X which was sealed by

welding the top pQrtion to the bottom (see Figure 6}. The capsule

chamber was placed inside the inner row of brick and was secured

to the frame-work of the furnace to eliminate movement of the

chamber during test. The entire furnace was housed within a

Transite "box" supported by a frame-work of angle iron. The

Transite walls extended above the insulating brick. This space

above the capsules was filled with a granulated insulator to

provide equal insulation on all sides of the test capsules.

Argon gas of 99. 995 per cent purity (passed over

titanium shavings heated to 1650°F) was admitted to the capsule

chamber through one of the tubes welded to the top of the chamber

(see Figure 6). Flow rate and pressure were set by manually

adjusting a gas regulator in the inlet line and a valve located

in the bleed line until the desired conditions were achieved.

A positive argon pressure of approximately I. 5 psig was maintained

in the chamber throughout the test. The dry argon was continuously

passed through the chamber at a flow rate of approximately ten

cubic feet per hour.

2O



Figure  4. Photograph showing the appearance of the cyclic 
test furnace. 

Figure 5. Photograph showing an inside view of the 
tes t  furnace. 
the hole marked with the arrow.  

The capsule container fits into 
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Figure 6. Photographs showing the appearance of the 
capsule container. 
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Four "G lobar" heating elements were used in conjunction

with a variable transformer to supply thermal energy during the

heat cycle. Control of the duration of the heat cycle was obtained

by varying the power input to the heaters. A small centrifugal

blower was employed during the cool cycle to force air through

the gap between the two rows of brick to achieve the required

cobling effect. Control of the duration of the cool cycle was

achieved by use of a manually operated damper on the blower

inlet. After once setting the power input and the position of

the damper, the time cycles remained constant except for minor

variations. The heat cycle could be varied from approximately

0.45 to 2. 5 hours, while the cool cycle could be varied from

approximately 0. 25 hour to I. 25 hours.

A high-low millivoltmeter-type temperature controller

was used to switch from the heat cycle to the cool cycle. Electric

timers and counters were installed in each circuit to permit

ready determination of the average duration of each of the cycles.

Fifteen chromel- alumel thermocouple s were placed at .variou s

locations within the test furnace. Twelve of these sensed the

temperature at various locations on the exterior of the capsule

chamber and were recorded on a multipoint temperature recorder;

another was used in conjunction with the temperature controller

and sensed the temperature inside the capsule chamber; and the

remaining two were used with other millivoltmeter-type instruments

which served as safety devices, shutting off all power in the event

that an over-temperature situation occurred. A photograph of the

test control console is shown in Figure 7..

C. Capsule Failures

As discussed in the previous section, the test was

interrupted three times because of capsule failures. The inter-

ruptions occurred after 67Z, 1372, and Z175 hours. In each case,

the capsule container, fabricated from 1/8 inch Hastelloy X

suffered attack from the lithium fluoride excaping from the capsules.

23



Figure 7 .  

9615 

Photograph showing the appearance 
of the control panel. 
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Figure 8 shows the extent of damage incurred by the capsule

container which failed after 672 hours. Capsule failure was

indicated by the los s of argon flow through the exit tube of the
capsule container. This loss of flow occurred when the container

walls were penetrated by the lithium fluoride, thus allowing

the argon to escape freely through the can.

The severe damage incurred by the container is indicative

of the corrosion that can occur when molten lithium fluoride is

exposed to a source of water vapor. During the first 672 hours, at

least one of the four Rene 41 capsules leaked and spilled its charge

of lithium fluoride into the capsule container. At this time, the

lithium fluoride was exposed to trace quantities of water vapor

present in the argon cover gas. However, since this trace amount

of water was a continuous supply, enough hydrogen fluoride was

form@d to result in the severe corrosive attack which occurred.

As discussed previously, the water will react with lithium fluoride

to form hydrogen fluoride and lithium oxide. It was the hydrogen
fluoride that caused the catastrophic attack.

A summary of the interruptions and action taken after

each is given below:

No. Hours Cap sules: Removed

1 672 Rene 41 (4)

Replacement Capsules

Waspaloy (2), Hastelloy N ( 2_

1372 Rene 41 (2), Udimet 50(_2) None

3 2175 TD Nickel (2) None

Identification of the capsules which failed after 67 2 hours of operation

was made by visual inspection. As shown in Figure 9, three of the four

Rene 41 capsules were severly corroded. These capsules {No. 6, 7,

and 8) were fabricated from 3/4 inch ID by 0.62 inch wall tubing with

25



Figure  8. Appearance of the capsule container which 
failed a f te r  67 2 hours.  
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Figure 9 .  Appearance of the Rene 41 capsules removed 
f rom tes t  after 6 7 2  hours  of operation 

Capsule No. 

Capsule No. 

Capsule No. 

Cap sule No. 

8 
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longitudinal seam welds. In view of the severity of attack

incurred by the three capsules, a fourth Rene 41 capsule

(No. 5), which did not fail, was also extracted for examin-

ation. This capsule was likewise fabricated from the 3/4 inch

lid tubing. However, it did not contain the longitudinal seam

weld. All four of the capsules were welded in the solution

treated condition. Rene 41 was used as the filler material.

The capsules were tested in the as-welded condition.

Four new capsules were prepared to replace the

Rene 41 capsules removed from the test chamber. Two of

these replacement capsules were made from Waspaloy, the

other two were made from Hastelloy N. All four capsules

had welded end-caps and longitudinal seam welds. The

Hastelloy N capsules were welded with Hastelloy W filler

wire. "V_aspaloy filler wire was used for the Waspaloy

capsule welds.

The test was restarted and continued until it was

again shut down after 1327 hours because of apparent capsule

failures. However, this time the failed capsules were not

as easily discernible.

Visual examination and a dye-penetrant inspection

did not reveal any obvious flaws. In view of this, x-radiographs

of the capsules were obtained. The radiographs of the capsules

were made at 0 ° and 90 ° to the longitudinal seam welds. Examin-

ation of these radiographs did not reveal any obvious flaws.

However, indications were found that four of the capsules were

either empty or extremely low in lithium fluoride content. The

other sixteen appeared to be in a satisfactory condition.

The four capsules which looked suspicious were removed

from the test, and the test was restarted. The capsules which

were removed were:

28



Capsule No. Material

2 Rene 41

10 Udimet 500*

11 Udimet 500*

18 TD Nickel*

Type of Capsule

Welded End Cap s

Welded end caps

and longitudinal
seam welds

Same as Cap. 10

Same as Cap. 10

* Filler material used was Rene 41

ER 6561

Results of Visual Inspection

Did not fail

Failed (weld crack)

Failed (weld crack)

Failed (weld crack)

Upon opening the capsules, it was found that all except

Rene 41 capsule No. 2 had failed. The failures occurred as cracks

in the longitudinal seam welds. The exterior surface of capsule

No. 2 was extremely roughened as a result of the capsule failures

that had occurred. As a result, the roughened surface diminished

the clearity of the radiography such that it appeared to have leaked.

However, after opening, the Original charge of lithium fluoride was

still in capsule No. 2.

After 2175 hours of operation, the capsule test was stopped

for the third time because of indicated capsule failures. Again the

identification of the failed capsules was difficult. However, on the

basis of radiographic inspection two capsules appeared empty and
were removed from test. Both were fabricated from TDNickel

(capsules Nos. 17 and 20). Capsule No. 17 had welded end caps

and longitudinal seam welds. The filler material used for welding

was Rene 41. Capsule No. 20 had both end caps brazed in place

with J8400. Upon opening the capsule, it was found that capsule

No. 20 had not failed. As with Rene 41 capsule No. 2, the rough

exterior surface of TD Nickel capsule No. 20 caused an erroneous

interpretation of the radiograph.

Z9
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V. TASK ILlTEST PROCEDURE

As a result of the difficulties experienced during th e

course of Task II, changes were made in the method of capsule

fabrication and in the test equipment used. These changes are

described in the following sections.

A. Capsule Fabrication

Several changes were made in the capsule fabrication

techniques. These were in cleaning, loading, and sealing.

Instead of using chemical methods, the capsules were cleaned

either by hydrogen or vacuum annealing. The capsules were

cleaned after the bottom end cap had been welded on. Before

loading, the capsules were inspected for flaws by visual,

dye-penetrant, and radiographic methods.

After the inspection, the capsules were placed in the

dry box and loaded with lithium fluoride of 99.9 per cent by

weight purity. After loading, the capsules were sealed with

plastic hose and transfered to the welding dry box. Once in

the welding box and under argon atmosphere, the plastic

hose was removed. The top end Cap was then welded on.

Once loaded and sealed the capsules were again checked

for flaws with a dye-penetrant. The capsules were then placed

in an outer jacket fabricated of Type 316 stainless steel. The

capsule fabrication procedure is outlined in Figure 10. This

outer jacket had two purposes: (1) to protect the capsule con-

tained within in case another capsule leaked; and, (2) to contain

the lithium fluoride in the event the capsule within it leaked.

3O
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Two separate groups of capsules were tested under

Task HI. The first group, placed in furnace 1, were to operate

for 5000 hours continuously at the cyclic conditions. The

capsules placed in this group are shown in Table 5. The

second group, or those placed in furnace No. 2, were scheduled

to be tested for either 1500 or 2500 hours. The capsules

placed into test and their respective operating times are
shown in Table 6.

As shown in both tablee two different types of capsules
other than those discussed under Task II were tested. The first

type contained internally brazed nickel fins. This type was fab-

ricated by splitting a section of tube longitudinally and brazing
a nickel fin to the inside wall of each tube half. The tube-halves

were then welded together. The remainder of the fabrication

procedure is the same as described earlier in this section. The

fabrication steps for this type of capsule are shown in Figure 11.

A further variation of capsule design was brought about

by a need to measure the temperature of the lithium fluoride

inside of the jacketed capsules. Each test under Task III con-

tained one thermocouple capsule. The configuration of the capsule

is shown in Figure 12. This type of capsule was fabricated by

drilling through the top end cap of a capsule and the outer jacket

and placing a thermocouple well through the end cap. The final

sealing of this capsule was made by welding as previously described.

B. Test Furnace

Under Task HI, two cyclic furnaces were used. The

operating conditions, and mode of operation were the same as

described for Task II. There were, however, several changes

in the instrumentation and method of mounting the capsules

in the furnace. These changes were brought about from failures

that occurred during Task II and the early part of Task HI.
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THERMOCOUPLE WELL

(1/4" O.D. HAYNES ALLOY NO. 25)

CAP

INNER CAPSULE

1/2" O.D. HAYNES ALLOY NO. 25)

I OUTER CAPSUkE
(3/16 S.S.) 3/4' O.D.

Figure 12. Schematic drawing of the thermocouple capsule used in Task Ill

_' 36
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As discussed under Task II, a capsule leak resulted

in the formation of hydrogen fluoride. Thus a monitoring

system was included in Task III to detect the presence of

hydrogen fluoride. This was accomplished by monitoring

the conductivity of a standard aqueous solution of boric acid

through which the effluent argon cover gas frc,m the capsule

container was bubbled.

Both boric acid, and hydrolfluoric acid are weak

conductors of electricity. However, upon combining the two

weak acids, fluoboric acid, a strong conductor, is formed.

Thus adsorption of hydrogen fluoride in boric acid would result

in an increase in conductivity. A standard conductivity cell

and meter was used to monitor the boric acid bubbler. This

cell was capable of detecting hydrogen fluoride at a concen-

tration as low as 10-5mole HF per liter of solution.

The other two changes were in the methods used to

install the capsules in the furnace. The first change of

encapsulation has already been discussed. The second change

was brought about by failures occurring in the capsule container

in Furnace 2. Figure 13 shows the appearance of a container

after a typical failure. As can be seen, the container became

severly distorted and shorted against one of the bottom Glo-bar

heating elements.

In order to prevent this high temperature distortion

the can was reinforced by insertion of two perforated bulkheads

as illustrated in Figure 14.

As stated under Task II, an immersion thermocouple

was used to sense the temperature inside of the capsule container.

However, since the capsules in Task HI were contained within

Type 316 stainless steeljackets, there was some doubt that a

single immersion thermoc_uple would be accurate enough. Thus

a thermocouple capsule was added to the two tests. This capsule,

which also contained lithium fluoride, had a well in which a

thermoc_upl_ could be installed. The_hermocouple was connected

37
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Figure 13. Photograph showing the distortion incur red  by the capsule 
container. Also shown is the hole where the short  c i rcui t  
occurred between the container and the Globar heating 
element. 
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to a single point recorder so that the temperature of the capsule

could be continuously monitored. The controller for each fur-

nace under Task LII was adjusted according to the indicated

temperature of the control capsule.

Because of the addition of the outer jacket on the

capsule, the thermal load placed on both furnaces was altered.

This change in load was enough to make the duration of the

heat and cool cycles difficult to control. This difficulty is

evidenced in the heat and cool cycle lengths shown in the tables

summarizing the capsule results.

C. Capsule Failures

Four capsule failures occurred during the course

of Task III. Only one of these failures resulted in the shut

down of either furnace. The first was the failure of Waspaloy

capsule No. 27, which was carried over from Task LL This

capsule failed after 2003 hours of additional testing in furnace 1.

The fai_ture was in the form of a longitudinal crack in the middle
of one of the seam welds.

Three other capsule failures were experienced in furnace

No. 1. However, these were not detected until the capsules were

removed from their outer jackets. The capsules that failed were

Hastelloy X capsulesNos. 41 and 42, and Inconel X capsule No. 31.

The lithium fluoride from the failed capsules was confined within

the Type 316 stainless steel jackets. Both of the Hastelloy X capsules

contained the internally brazed nickel fins. The fai|ures in both

were in the form of cracks in the tube wall. A dye-check of Inconel X

capsule No. 31 revealed the presence of pin holes in the longitudinal
seam welds.

Upon removing the capsules from furnace No. 2 after

2540 hours, it was found that Waspaloy Capsule No. 69 had failed.

Again, the fluoride was retained by the Type 319 stainless steel

jacket. The failure occurred as a_mall crack in the wall around

the bottom end-cap.
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VL EXAMINATION PROCEDURES

i. Capsule Materials Evaluation

The measure of a structural metal's compatibility

with lithium fluoride is essentially its ability to resist the

corrosive attack of this rn:atei'ikl_ Of the various methods

which could be used to measure this property, metallographic

examination of the capsule material is probably the most

prolific in its yield of data. Other criteria which were selected

for use in the evaluation included the spectrographic analysis

of the lithium fluoride for metallic impurities (metal ions from

the container metal such as chromium, nickel and iron),

electron beam microprobe analysis of the capsule wall, hardness

of the capsule material, and the general appearance of the

lithium fluoride upon removal from the capsule.

Upon removal from the test furnace each capsule was

examined visually for any bbvious leaks. The capsules were then

placed in the dry box and opened by one of two methods under an

argon gas cover. With the first method, each capsule was cut

with a tube cutter into segments as illustrated in Figure 15.

Sections I, 2, 3, and 4 were reserved for metallographi d specimens.

The chemical sample was removed from sections la and 2a by

knocking the lithium fluoride loose from the wall. After noting the

characteristics of the lithium fluoride as exposed by the sectioning,

the various portions were freed of the remaining lithium fluoride

by means of a hammer.

Section 2a of these capsules was halved in:a longitudinal

direction after removal of the residual corrosive medium. Macro-

graphic examination was then made" of the surface of this section

at magnifications up to 30 times.
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Figure 15. Schematic drawing showing the location of specimens

removed from the test capsules
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With the second method, the capsule was cut open at

the top between 4 and 4a. The lithium fluoride was then removed

from the capsule by tapping the capsule with a hammer. Once

the fluoride was removed, the capsule was sectioned longitudinally

and examined visually. Metallographic specimens were then

removed from one of the halves at sections 2 and 3.

In each case, the lithium fluoride from each capsule

was split into four equal samples and spectrographically analyzed.

B. Corrosion Evaluation

Metallographic specimens were prepare d from Sections

2 and 3 for all capsules which were loaded with lithium fluoride.

In some cases a portion of Section 1 was mounted and polished

for subsequent examination. All of the metallographic specimens

were prepared by the conventional mechanical polishing techniques.

The effect of lithium fluoride exposure on the metal was examined

at magnifications up to 500X in both the etched and unetched con -b

ditions. Corrosive attack was classified according to the chart

presented in Figure 16 on the basis of microstructural examination.

The depth of attack was recorded and is included in the data

presented in this report.

Photomicrographs were taken which illustrated the

extent, depth of penetration, mode of corr.osive attack, and

metallurgical changes which occurred as a result of the exposure

to the conditions of the test. Microhardness measurements were

used to measure the microstructural changes and their extent.
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C. Electron-Beam Microprobe Analyses

As a further study of the corrosive attackincurred_

electron-beam microprobe analyses were conducted on specimens

removed from several of the capsules. The types of analyses

included; scan, discrete point, and spectral pattern. The scan

analyses were conducted by slowly motor driving the specimen

beneath the electron beam along a path of interest. At the same

time° the x-ray intensity for the characteristic line of interest

was recorded on a moving chart. The spectral patterns were

obtained by positioning the beam over an area of interest and

chart recording the x-ray spectrum generated. The instrument

was capable of detecting metallic elements ranging in atomic

number from 12 to 92 (magnesium to uranium). The discrete

point analysis _-as conducted by positioning the electron beam

on the area of inte_st and measuring the x-ray intensities

of elements of interest. The specimens and types of analyses

conducted are shown in Tabl, e 7 along with the elements analyzed.

These analyses were conducted by Advanced Metals Research

Corporation.

45



ER 6561

c

c

NI

<

Z

°_

O

°r-4
U

O

Z

U

_D

O

m

°_

O

I

O

I

O

u

6 8

°_

Z

U

O

u

O

Z
n

°_

O

I

u

O

O

O

u

O

46



ER 6561

VII. RESULTS

In all, a total of _ty capsules were tested during

the program. Because of the number of alloys tested, and

the various times of test, the discussion of the results will

be grouped according to the alloy base.

A. Iron-Base Alloys

1. Haynes Alloy No. 56

Table 8 lists the results of the examination of the

specimens removed from Haynes alloy No. 56 capsules

No. 25 and 26. After 4661 hours of exposure, the attack

was limited to a maximum depth of 0. 0015 inch. After

97 17 hours, the attack incurred was in the form of a

combination of light leaching and depletion to a maximum

depth of 0. 0035 inch, as shown in Figure 17.

In the as-received condition, the Haynes alloy No. 56

shows an austentic structure with a grain boundary precipitate

(Figure 18). After 9717 hours (Figure 17) the carbides

appear to have coalesced and precipitated, ouft within the

grains and in the grain boundaries. The microstructure

after 4661 hours was quite similar to that shown in Figure 17.

Thus it appears that a major part of the carbide precipitation

occurred during the first 4661 hours of testing.

In contrast, hardness measurements made on the specimens
indicated essentially a unifomm decrease in hardness as a functi0n

of the time (Table 9). After 4661 hours the hardness was 23. 5K c
compared to 33.5 R c in the as-received condition. After an
additional 5056 hours (a total of 97 17 hours) the hardness had

decreased to K B of 98. Apparently, the carbides were continually

precipitating out as a result of the continued exposure to the

cyclic elevated temperatures. In all probability this carbide

precipitation would result in a soft matrix and a brittle grain
boundary.
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l_igure 17. Photomicrograph showing the attack incurred by

the specimen removed from Haynes alloy No. 56
capsule No. 26 (97 17 hours) 250X; Etchant:

3 parts HC1, 1 part HNO 3

MILS

Figure 18. Photomicrograph showing the as-received

microstructure of Haynes alloy No. 56. 250X.

Etchant: Electrolytic 10% Oxalic Acid
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TABLE 9 AVERAGE HARDNESS OF THE IRON-BASE CAPSULES

Capsule No. Time (Hr)

Haynes Alloy No. 56

Average Hardness

As Received 0 33. 5 R c

25 4661 23. 5 R
c

26 97 17 98 R B

Inc oloy 800

As Received 0 84 R B

"62 1560 94 R B

59 5056 87 R B

60 5056 93 R B

318 Stainless Steel

As Received 0 94 R B

65 1560 92 R B

64 2540 94 R B
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Results of spectrographic analyses made on samples

of the lithium fluoride removed from the two capsules are

shown in Table i0. Both capsules showed increases in the

chromium, iron, manganese and nickel contents in the after-

test lithium fluoride as compared to the before-test analyses.

Both capsules were loaded with lithium fluoride of 99.5

per cent (by weight) purity.

2. Incolo 7 800

The results of the examination of specimens removed

from the three Incoloy 800 capsules are listed in Table 8. A11

three experienced attack in the form of light leaching and

depletion to depths ranging between 0. 0035 and 0. 005 inch,

as illustrated in Figures 19A (capsule No. 62, 1560 hours) and

19B (capsule No. 60, 5056 hours). In general, as shown

in the two photomicrographs the corrosion to the capsule walls

appeared about the same after the two lengths of exposure.

Fiugre 19C shows the appearance of the Incoloy 800

tube wall in the before-test condition (hydrogen annealed Z0

minutes at 2000°F). In comparison with Figures 19Aand

19B, it appears that a grain refinement and precipitation

of carbides within the grain boundary has occurred as a result

of exposure to the cyclic conditions. Hardness measurements,

shown in Table 9, made on the various specimens revealed

no significant changes in hardness as a function of exposure.

Results of the spectrographic examination (_) of the

lithium fluoride removed from the three capsules are listed in

Table i0. The after-test fluoride from both capsules showed an

increase in the iron content as compared to the before-test analysis

of the lithium fluoride. These capsules were loaded with lithium

fluoride of 99.9 per cent (by weight) purity.

_,_ The results of the spectrographic results in this study were

considered to be accurate to within 25 per cent for the lower

level impurities.
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TABLE I0 RESULTS OF THE SPECTROGRAPHIC ANALYSIS OF THE

LITHIUM FLUORIDE REMOVED FROM CAPSULES ."

.....FABI_ICATED OF _IRTDN BASE ALLOYS

Amount of :EleTn. ent Present (w/o)

Capsule No. Time (Hr) Cr Fe Mn Ni

Haynes Alloy No. 56

As Rectd LiT 0 <0.001 _0.001 <0.001 <0.001

25 4661 70. 10 0.01 0.25 z.0:01

26 97 17 0.05 0.07 0.07 0. 01

Incoloy 800

As Rec'd LiT 0 <0. 001 C0. 001

62 1560 C0. 001 0.01

59 5056 z-.O. 001 O. 05

60 5056 L0. 001 0. 03

318 Stainless Steel

65 1560 0.01 _0. 001

64 2540 __0.001 z_0.001

ZO. O01 £0.001

dO. O01 £0.001

_0.001 ZO. O01

CO. O01 _0.001

0.03 _0.001

0.10 £0. 001
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A, Capsule No. 62, 1560 Hours.

15 parts HF, 15 parts H2SO4,

Etchant: 62 parts H20,

8 parts HNO 3.

I
---------4

21

31

41

51

61

¸¸¸¸71

8i

B, Capsule No. 60, 5056 Hours. Etchant: 3 parts

1 part HNO 3.

HCf,

NILS

I

3

5

18

C. Before test structure (hydrogen annealed 20 minutes

at 2000°F). Etchant: 3 parts HC1, 1 part HNO 3.

Figure 19. Photomicrographs of specimens removed from

Incoloy 800 capsules after 1560 and 5056 hours

along with a specimen of the before test material.

250X 53
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3. 318 Stainless Steel

As listed in Table 8, the specimens removed from

capsules No. 65 and 64 revealed a negligible amount of attack

after exposures of 1560 and 2540 hours. In comparing the

appearance of the tube wall shown in Figures 20A (capsule

No. 65, 1560 hours) and 20B (capsule No. 64, 2540 hours)

with the before test tube wall (Figure 20Q, there appears

to be a slight smoothing of the ID surface_probably less
than 0. 0002 inch loss in wall thickness). The before test

condition shovJn is after hydrogen annealing for 20 minutes
at 2000 ° F.

In contrast to Incoloy 800, the 318 Stainless Steel under-

went grain growth as a result of exposure to the test conditions.

This growth is evidenced in Figures 23A_B, and C. As

shown in Table 9, the hardness of the 318 Stainless Steel did

not change as a result of exposure for times up to 2540 hours.

Results of the spectrographic analysis of the lithium

fluoride removed from the two capsules are shown in Table 10.

After test samples of both capsules revealed an increase in the

amount of mangenese present in the lithium fluoride,. These

capsules were loaded with lithium fluoride of 99.9 per cent

(by weight) purity.

B. Nickel Base Alloys

i. Solid Solution Harder:able

a. Hastelloy N

A total of six Hastelloy N capsules were tested for

times varying between 1560 and 9045 hours. The results of the

examination of each capsule after its respective operating time

are listed in Table 11. As shown, except for capsule No. 30
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A. Capsule No. 65,

li_

• u,

1560 Hours, Etchant: 3 parts HC1, 1 part HNO 3.

B, Capsule No. 64,

1 part HzO 2.

\

°_.
.°

.8

Z540 Hours, Etchant: 7 parts HCI, 1 part HNO 3

T
T
T

5

6

?
m

8

9

9633

Co

Figure Z0.

Before test. Etchant; 3 parts HC1, 1 part HNO 3.

Photomicrographs of specimens removed from

Type 318 Stainless Steel capsules after 1560

and 2540 hours, along with a specimen of the

before test tubing. 250X.
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(_,989 hours) the attack was limited to a light surface pitting

to depths ranging between 0. 0006 and 0.00 Ii inch. Figures

21 and 22 are representative of the attack incurred by the

tube wall after 1560, 2540, and 9045 hours of exposure.

In addition to the pitting attack, the walls of capsule No. 30

(3989 hours) underwent a light depletion attack to a maximum

depth of 0. 004 inch. This attack is illustrated in Figure 22.

As listed in Table ii, of the six capsules tested

(Hastelloy N) three capsules had longitudinal seam welds

and the other three just had welded end caps. Of these cap-

sules Nos. 29 and 30 (longitudinal seam welds) were welded

using Hastelloy W filler; whereas, capsules Nos. 37 through

40 were welded using Hastelloy N filler. In examination of

all the capsule sections no evidence of selective attack or

heavier attack was found in the weld deposit.

In addition to corrosive attack, the specimens from the

capsules were examined for changes in microstructure and

hardness. As shown in Table 12, after 1560 hours, the average

hardness dropped from a before test value of Rc 35 to that of

R B 99. After this initial drop, the hardness remained essentially

constant ranging between 93. 5 R B and 98R B. There does not

appear to be any specific trends to microstructural changes which

can be associated with exposureto the test conditions.

The results of spectrographic analyses conducted on samples

of lithium fluoride removed from the Hastelloy N capsules are

shown in Table 13. The after test lithium fluoride revealed

increases in the chromium, iron, manganese and nickel contents

as compared to the before test analyses. The greatest increase

in the contents appeared to Occur after 2640 hours of exposure.
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A. Capsule No. 40, 1560 hours. Etchant: 10 parts

HC1, 1 part H20 z.

. "/

MILS

I I

]3. Capsule No. 37, 2540 hours. Etchant: 7 parts

HCI, 1 part HNO3, 1 part H20 2.

4

C. Capsule No. 29, 9045 hours, mtcnant: 5 parts

HCI, 1 part I-I'NO3"

Figure 21. Photomicrographs illustrating the pitting

attack incurred by Hastelloy N after the

times shown. 250X.
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Figure ZZ. Photomicrograph showing the surface pitting

and light depletion attack incurred by Hastelloy__N
capsule No. 30 after 3989 hours. 250X.

Etchant: Electrolytic 10% oxalic

MILS

I t

2 I

8

9

10

II

12

Figure 23. Photomicrograph showing the as-received

micro structure of Hastello.y N. 250X.

Etchant: Electrolytic 10% oxalic acid.
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TABLE 12 AVERAGE HARDNESS OF HASTELLOY N CAPSULES

Capsule Time (Hr) Average Hardness

As Received 0 35 R c

40 1560 99 R B '

37 2540 98 R B

38 2540 98. 5 R B

39 2540 97.5 R B

3O 3989 98. 5

29 9045 93. 5 R B

TABLE 13 RESULTS OF THE SPECTROGRAPHIC ANALYSIS OF

THE LITHIUM FLUORIDE REMOVED FROM CAPSULES

FABRICATED OF HASTELLOY N

Amount of Element Present (w/o)

Capsule No. Time(Hr)

As Rec'd LiF 0

40 1560

37 2540

38 2540

39 2540

30 3989

29 9 045

C r F e Mn Ni I%4o

<0. 001 ¢.0.001 _.0.001 /.-6_-.00 1

_-0.001 0.02 <0.001 40.001 -

0.01 &0.001 /.0.001 0.01 0.01

_.0.001 _0. 001 _0. 001 /.0.001 O. Ol

0.010.01 0.01 40.001 /.0.001

0.01 0. 01 0.08 0. 01

0.05 0. 05 0.07 0. 01
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b. Hastelloy X

Except for capsules No. 41 and 42, which were

equipped with internally brazed nickel fins, the attack

incurred by Hastelloy X was negligible. As shown in

Table 14, the tube walls underwent a light surface pitting

to a maximum depth of 0. 0004 inch. Figures 24 and 25

show representative photomicrographs of the capsule wails

after the various exposure times, ranging from 1560 to 97 17

hours. Also shown is a photomicrograph of the as-received

tube wall {Figure 25q. As is evidenced in the photomicrographs

the most predominant feature is the presence of massive carbide

precipitates which formed during the first 1560 hours of testing.

A specimen from capsule No. 24 {4661 hours) was

submitted for electron microprobe analysis. The results of

a scan analysis of the specimen revealed no significant variation

in the chemistry throughout the specimen.

As discussed earlier, capsule Nos_ 41 and 42 were found

to have failed upon opening of the outer protective jackets. The

failures were in the form of longitudinal cracks in the tube wall.

Withc_apsule N6_lthe crack followed the base of one of the notches

for the nickel fins. It started at a point about I_I/2 inches above

the bottom end-cap weld and continued up for about 3-i/4 '

inches. The surface of the fracture, shown in Figure 26, is

typical of a brittle fracture. Figure 27 is a photomicrograph

showing the section through the failed area of capsule No. 41.

As can be seen, the fracture surface was attacked in an inter-

granular manner to a depth of 0. 009 inch. Away from the

failed area, the tube wall underwent a combination depletion

and intergranular attack to a depth of 0. 002 inch. The nickel

fin and braze fillet were both attacked in an intergranular

manner. The depth of attack to the nickel fin was 0. 005 inch.

The failure of capsule No. 42 was not as pronounced

as was that of capsule No. 41. In this case, the failure occurred

as a crack in the tube wall at the base of the capsule. The

crack occurred approximately 60 ° away from the closest nickel
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B. Capsule No. 45, 2.540 hours

--7
I I

i i

3 ¸,

4¸ l

5
------i

C. Capsule No. Z4, 466 1 hours

Figure 24. Photomicrographs of specimens removed from

Hastelloy_XXcapsules after 1560, 2540, and 4661

hours. ZSOX; Etchant: electrolytic 10% oxalic acid
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Bo Capsule No. 22, 97 17 hours.

1 part HNO 3.

7

m

9

Etchant: 3 parts HC1,

Etchant: 3 parts HC1,

MILS

C. As Received. Etchant: Electrolytic 10% oxalic acid.

Figure 25. Photomicrographs of specimens removed from

Hastelloy X capsules after 5056 and 97 17 hours

along with a specimen of the as-received tubing.

250X. 64
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Figure 26. Appearance of the f rac ture  surface found 
in Hastelloy X capsule No. 41. 5X - - 
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- Nickel Fi n 

8588 

Area  where  the 
fin wa s . b r az  ed 
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Tube wall  
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Figure 27. Photomicrograph showing the appearance 
of the f rac ture  found in Hastelloy X capsule 
No. 41. 39X: Etchant; 3 p a r t s  HC1, 1 p a r t  "0.. 

Figure 28. Photomicrograph showing the appearance 
of the f rac ture  found in Hastelloy X capsule  
No. 42. 1OOX: Etchant; 3 p a r t s  HC1, 
1 p a r t  "NO3. 
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fin. It started approximately 1 inch up from the bottom end-
cap weld and was visible through dye-penetrant techniques
for only one-quarter inch.

Figure 28 shows the appearance of the tube wall around

the crack. As can be seen, the crack is intergranular in nature.

Also, depletion to a depth of 0. 002 inch has occurred along the

fracture faces. Attack in the form of depletion and scattered

intergranular penetrations to a depth of 0. 002 inch was found

along most of the inside tube wall (Figure 29}. In general, the

attack incurred by the braze fillet and nickel fin was similar

to that found in capsule No. 41.

It is interesting to note that the predominant feature

of the as-tested microstructure is the presence of rather

massive grain boundary carbides. As illustrated in the various

photomicrographs, these carbides increase in size as a function

of exposure time. As brought out in Table 15, the average

hardness of the capsule wall shows a decrease as a function

of time from R c 26. 5 to a relatively constant value between

95 to 100 R B. Also, as noted, this decrease occurred in
the first 2540 hours.

In examining the two finned capsules, it appears that

the fractures probably resulted from the precipitation of the

grain boundary carbides. Although the Hastelloy X became

softer as a result of exposure, the precipitation of the carbides
in the manner as shown should result in the formation of brittle

grain boundaries. Also, the presence of the internally brazed

nickel fins would change the stress pattern present in the capsule

during test. Thus, if the stresses present were increased as

the result of the presence of the nickel fins, an intergranular

failure could easily occur.

The results of spectrographic analyses conducted

on the lithium fluoride removed from the Hastelloy X capsules
are shown in Table 16. There were some increases in the

chromium, iron, mangenese and nickel contents of the after-test

salt removed from several of the capsules. However, the results

were too scattered to permit meaningful interpretation.
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Figure zg. Photomicrograph showing the depletion

attack found along the wall of Hastelloy X

capsule No. 42. 250X; Etchant: 3 parts HC1,

1 part HNO B.

¢

7

8589

Figure 30. Photomicrograph showing the leaching attack

incurred at the top of Inconel X-750 capsule

No. 32 (5056 hours). 250X; Etchant; 3 parts

HC1, 1 part HNO 3.
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TABLE 15 AVERAGE HARDNESS OF HASTELLOY X CAPSULES

Cap sule Time (Mr) Average Hardne ss

As Received 0 26.5 R c

47 1560 25.5 R c

45 2540 99 R B

24 4661 i00 R B

41 5056 99 R B

42 5056 99 R B

43 5056 98 R B

44 5056 95 R B

22 9717 96 R B

23 9717 98 R B
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TABLE 16 RESULTS OF SPECTROGRAPHIC ANALYSIS OF THE LITHIUM

FLUORIDE REMOVED FROM CAPSULES FABRICATED OF

HASTELLOY X

Amount of Element Present (w/o)

Cap sule Tim e (Hr) Cr Fe

As Rec'd LiF 0 (0. 001 <0. 001

47 1560 <0. 001 <0.001

45 2540 (,0.01 0.02

24 4661 0. 01 <0.001

41 5056 <0. 001 <0.001

42 5o56 z...o,ooi <o. ool

43 5056 _,0.001 40,001

44 5056 /_0.OO1 KO. OO1

22 9717 /_0.001 0.05

23 97 17 /_,0.00 1 0.05

Mn Ni

_0. 001

<0. 001

0.01

<o.¢o

4.0.0 1

<0. 001

<0. 001

cO. O01

0.01

0.01

<0. 001

<0. 00 1

0.02

d0. 001

<0 00 1

_0 00 1

<0 001

"0 001

001

0 01
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2. Precipitation Hardenable

a.. Inconel,X-750

Of the five capsules tested, only one showed any

perceptable attack. This was capsule No. 32, which showed

a light leaching attack to a maximum depth of 0. 001 inch,

as illustrated in Figure 30. However, as discussed earlier,

upon opening the outer jacket, it was found that the capsule

had failed. The failure was in the form of a small pin hole

or crack at the top of one of the longitudinal seam welds.
The heaviest attack to this caps_h!e was noted in Section 3

which was removed from the top half of the capsule. Section 2,

which was removed from the bottom half of the capsule,

showed only a _lcattered pitting attack to 0. 0005 inch.

As shown in Table 17, the other four capsules were

almost completely unattacked after 1560 and 5056 hours

exposure. Figures 31A and B are representative of the wall

appearance after the respective times. Figure_ 31C shows the

aPl_earance ofkh'e t_ibe wall in the before-test condition.

All of the Inconel X=750 capsules were welded using

an INCO-69 filler material. Examination of the longitudinal

seams in capsule Nos. 31 and 32 did not reveal any preferential

attack to the weld bead.

The only significant microstructural change noted in

the Inconel X-750_as a result of exposure to the test conditions

was grain coarsening. In comparing Figures 31A and B with

Figure 31C, the greatest part of the grain growth occurred

during the first 1560 hours of exposure. _As shown in Table 18,

hardness measurements made on the various capsules revealed

no significant differences to the before-test hardness.

Table 19 shows the results of spectrographic analyses

conducted on samples of lithium fluoride removed from the Inconel

X-750 capsules. The post-test lithium fluoride from all five

capsules showed an increase in the aluminum content. In addition

to this, the salt from capsule No. 32, which failed during test,

showed increases in the iron and manganese content.
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A_ Capsule No. 33A_ 1560 hours.

HCI, 1 part H20 2.

Etchant: i0 parts

MILS

I 1

2 I

31

4 I

5

6 '

7

8

.q

B. Capsule No. 31, 5056 hours. Etchant: 3 parts

HCI, i part HNO 3.

4 t

C. Before test. Etchant: 3 parts HC1, 1 part HNO 3.

Figure 31. Photomicrographs showing the appearance of

the Inconel X-750 tube walls after 1560 and

Z540 hours exposure along with a photomicrograph

of the tube wall in the before test condition. 250X.
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TABLE 18

Cap sule

AVERAGE HARDNESS OF INCONEL X-7 50 CAPSULES

Time (Hr) Average Hardness (Rc)

As Received 0 36

33A 1560 37

31 5056 3Z

32 5056 29

35 5056 33.5

36 5056 37

TABLE 19 RESULTS OF SPECTROGRAPHIC ANALYSIS OF THE LITHIUM

FLUORIDE REMOVED FROM CAPSULES FABRICATED OF

INCONEL X-7 50

Cap sule

As Rec'd LiF 0

33A 1560

31 5056

32 5056

35 5056

36 5056

Amount of Element Present (w/o)

Time (Hr) A1 Cr Fe

40. 001<0. 001_0. 001

0.08 <0. 001 0.01

0.03 _0. 001 <0.001

0.07 _0,001 0.07

O. 02 _,0. 001 4,0. 001

0.02 _,,.0. 001 _C0. 001

Mn Ni Ti

<0.001 <0. 001 <0.001

<0.001 0. 02 4.0.001

gO. 001 4D. 001 <,0.001

o.oz <D.ool <p.ool

40. 001 _0. 001 <0. 001

4o. ooi <,o.ooi 4o.ooi
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b. P_ene 41

The results of these capsules are summarized in

Table 20. Initially five Rene 41 capsules were placed into

test. However, as stated earlier, four of the capsules were

removed from test after 672 hours, and the fifth after a total

of 1327 hours. As is demonstrated in Figure 9, the three

capsules which failed after 672 hours were damaged too

severelytoobtain any meaningful corrosion data. However,

some general observations can be made. All three capsules

suffered attack in varying degrees along the ID surface. The

attack was in the form of grain boundary penetration and leaching.

The depth of attack varied from less than 0. 001 inch to a

maximum of (}. Q10 to 0. 012 inch. Figure 32, a photomicrograph

of a specimen removed from the bottom of capsule No. 8,

illustrate6 the appearance and depth of attack incurred. Also

with respect to severity of attack the weld beads and the weld

affected areas appeared about the same as the rest of the cap-

sule wall. Thus it does not appear that the welds or weld

affected areas were any more susceptible to attack than the

rest of the Rene 41 capsules.

Examination of the specimens removed from capsule
No. 5, which did not fail after 672 hours revealed corrosive

attack in the form of grain boundary penetration and leaching.

The depth of attack varied along the inside surface from less

than 0. 001 inch at the top to 0. 005 inch near the bottom of the

capsule, Figures 33 and 34 illustrate the extremes of attack

incurred. As shown in Figure 33, the p_netration incurred

at the top of the capsule was less than 0. 001 inch. However,

as can be seen, there appears to be a second phase present

within the grain boundaries.

These capsules were fabricated from 0. 750 inch

outside diameter by 0o 045 inch wall tubing. The longitudinal
seam welds were fabricated as discussed earlier under

capsule fabrication. The end-caps were fabricated from

flattened tube sections. The welding filler used was Rene 41.
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Figure 32. Photomicrograph of a specimen removed from the

bottom of l_ene 41 capsule No. 8 showing the heavy

intergranular and leaching attack incurred. 250X;

Unetched.
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Figure 33. Photomicrograph of a specimen removed from the

top of Kene 41 capsule No. 5 showing the attack

incurred. Also shown is the presence of a second

phase within the grain boundary. 250X; Unetched.
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Figure 34. Photomicrograph of a specimen removed from the

bottom of Nene 41 capsule No. 5 showing the maximum

amount of corrosion incurred. 250X; Unetched.
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In contrast, capsule No. 2, which was exposed

to the conditions for approximately twice the length of

time (1327 hours) showed a significantly lesser amount

of corrosion. The attack incurred was in the form of a light

leaching and depletion to a maximum depth of 0. 002 inch as

illustrated in Figure 35.

Capsule No. 2 had welded end caps only. And, it

was fabricated by boring out a section of a 0.50 inch bar

to form a 0.50 inch OD tube with a 0. 063 inch wall seven

inches long. This capsule was welded using Rene 41 filler.

All five capsules were solution heat treated before welding.

No post weld treatments were used.

The results of the spectrographic analyses conducted

on samples of the lithium fluoride removed from the Rene 41

capsules are shown in Table 21. Unfortunately, it was impos-

sible to obtain analyses for capsules Nos. 6 and 8. Both

capsules were completely devoid of fluoride when they were

opened. The concentration of corrosion products in the

lithium fluoride from capsules Nos. 2, 5, and 7 tended to

follow the extent of attack incurred. AU three showed

increases in the corrosion product concentrations over the

as-received material.

Two Rene 41 capsule specimens were submitted

for electron-beam microprobe analysis. These specimens

were from the top of capsules Nos. 2 and 5. The results

of the microprobe analysis of the specimen removed from the

top of capsule No. 5 revealed compositional changes to a

maximum depth of 0.008 inch. In general, as shown in

Table 22, the concentration of aluminum, nickel, molybdenum,

and titanium were lower and the cobalt and chromium con-

centrations increased somewhat within this 0. 008 inch wide

band as compared to the matrix.
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Figure BS. Photomicrograph showing the maximum attack

found in Rene 41 capsule No. 2. 250X;

Etchant: 3 parts HCl, I part HNO 3.
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The results of the microprobe analysis of a section

from the top of capsule No. 2 indicated compositioflal changes

to a depth of 0. 0004 inch. In general, the concentrations of

aluminum, nickel and titanium were found to be relatively

lower and the concentrations of molybdenum, cobalt, and

chromium relatively higher within the 0. 004 surface band

compared to the normal matrix. In addition, the microprobe

results indicated the presence of titanium and aluminum-rich

precipitates v_ithin this 0. 004 inch band.

c. Udimet 500

Udimet 500 capsules were removed from test after

1327 hours because of indicated failures. Radiographs

indicated both capsules to be low in the amount of lithium

fluoride contained. However, the actual failures were not

located until the capsules were cut open. Examination of the

inside tube surfaces of the capsules revealed the presence

of circumferential cracks in the wall. In capsule No. 10, two

cracks were found. One was at the base of the longitudinal

seam and the other was at the top as shown in Figure 36. The

crack at the base of the weld apparently occurred during the

fabrication of the capsule since a leak in that area was found

during the filling of the capsule. The crack was sealed by welding

and building up the area with filler material. The crack at the

top of the capsule apparently occurred during test. Some of the

lithium fluoride was still in the capsule when it was opened.

The crack found in capsule No. 11 occurred at the

base of the longitudinal seam. The crack is shown in Figure

37. No lithium fluoride was found in the capsule when it was

opened.

Metallographic examination of specimens removed at

each crack from capsule No. 19 revealed that both cracks had

completely penetrated the tube wall. Also, as shown in Figure

38, around the cracks, attack in the form of leaching and inter-

granular penetration was found. The attack had completely
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A. Top of weld bead 

B. Bottom of weld bead 

Figure 36.  Macrographs of the inside wall of Udimet 500 
capsule No. 10 showing the appearance of the 
c i r  cumfe r entia1 cracks.  
approximately 1OX. 

Magnification 
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Figure 37. Macrographs of Udimet 500 capsule No. 11 
showing the circumferential  c r ack  found a t  
the top of the weld bead. Approximately lox. 
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Figure 38. Photomicrograph of Udimet 500 capsule No. 10. 
&be wall showing the attack incur red  along the 
crack surface. Magnification 50X; Etchant: 
3 p a r t s  HC1, 1 p a r t  HN03. 

Outside Diameter  

Inside Diameter  

8598 

Figure 39. Photomicrograph of the inside surface of Udimet 500 
capsule No. 10 showing the maximum depth of attack 
incurred 90" away f rom the crack.  
Etchant: 3 p a r t s  HC1, 1 p a r t  HN03. 

Magnification 250X: 

85 
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penetrated the tube wall. Metallographic specimens removed

from the same location, but from the opposite side of the tube where

the crack was found also revealed a leaching and intergranular

attack. However, as shown in Figure 39, the attack was limited

to depths between 0. 002 and 0. 004 inches

In general, the results found from metallographic examin-

ation of specimens removed from capsule No. ii were the same

as those reported for capsule No. I0. However, only one crack,

shown in Figure 37, was found in the tube wall. The condition

of the tube wall around the crack was the same as reported for

capsule No. i0. Away from the crack, leaching and intergranular

penetration was found to a maximum _lepth of 0. 003 inch.

Both capsules Nos. i0 and II were fabricated from bar

stock in the same manner as Rene 41 capsule No. 2. However,

besides the welded end caps, both capsules had longitudinal

seam welds. The filler material used for the welds was Rene 41.

Also, both capsules were tested in the as-welded condition. No

post weld treatments were used.

To determine the depth of composition change a specimen

from the top (section 2) of Udimet 500 capsule No. I0 was submitted

for electron-beam microprobe analysis. The results of the micro-

probe analysis on this specimen revealed compositional changes

to a maximum depth of 0. 008 inch. In general, within this region,

the concentration of titanium and aluminum were found to be

slightly lower and the concentration of molybdenum, cobalt,

chromium, iron and nickel relatively higher as compared to the

normal matrix.

Spectrographic analysis of the fluoride contained could

only be obtained on capsule No. i0. The results of the analysis

are indicated in Table 23. As shown, the fluoride showed an

extremely high pickup of aluminum (approximately 2% by weight).

Although not as high, the titanium pickup amounted to 0. 15 weight

per cent. The chromium, nickel and iron content varied between

0.02 to 0. I0 weight per cent.
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TABLE 23 RESULTS OF SPECTROGRAPHIC ANALYSIS OF THE

LITHIUM FLUORIDE REMOVED FROM UDIMET 500

CAPSULE i0

Cap sule No.

As Rec'd LiF

i0

Time Amount of Element Present (w/o)

(Hr) A1 Cr Fe Mn Ni Ti

0 <0.001 _.0.001 /-0.001 4).001 <0.001 d0.001

1327 2.0 0.04 0.06 0.01 0.06 0.15

dl V_raspal oy

The results of the examination of the Waspaloy capsules are

listed in Table 24. Except for capsule Nos. 72 and 73, the examin-

ation revealed a combination of leaching, and either depletion or

an intergranular type of attack. Figures 40 through 43 are represen-

tative of the types of attack incurred after the various exposure

times. As shown in Table 24, the heaviest attack was experienced

in the capsules fabricated and loaded under Task IIL

Except for the fact that the capsules under Task ILI were

encapsulated, the only differences were in the grade of fluoride

used and the method of cleaning, As disxZussed previously, the
capsules under Task III were loaded with fluoride of a higher purity

than that used for Task II. Also, the Task HI capsules were cleaned

by holding for 20 minutes at temperatures between 1800"F and 2000°F

under a vacuum of 1 micron. The capsules under Task II were cleaned

by a combination of chemical and vapor-blast methods.

Of the capsules tested, the heaviest attack was experienced

in capsules Nos. 72 and 73. These two capsules were equipped with

internally brazed nickel fins. As shown in Figures 44 and 45, the

Waspaloy wall, the braze fillet, and the nickel fins were attacked
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Figure 40. Photomicrograph showing the leaching and depletion

attack incurred by Waspaloy capsule No. 67 after

1560 hours exposure. 250X; Etchant: 10 parts HCf,

i part H20 2.

'Figure 41.
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12

Photomicrograph showing the maximum attack incurred

by Waspaloy capsule No. 68 after 2540 hours exposure

to Lithium Fluoride. 250X; Etchant: 7 parts HCI, 1 part

HNO 3, 1 part H20 2.
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Zone 1

Zone 2
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Figure 42. Photomicrograph showing the attack incurred

in VCaspaloy capsule No. 28 after 3989 hours

exposure. 250X; Etchant: i0 parts HCf, 1 part

H20 2"

o

4m • •

Figure 43.

o

31

4 1

• . i51

Photomicrograph showing the attack incurred

in Waspaloy capsule No. 27 after 5992 hours.

250X, unetched.
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Figure 44. Photograph showing the general  appearance of 
the nickel fin where it  was brazed to the Waspaloy 
tube (capsule No. 7 2 )  2540 hours.  
Etchant: 3 par t s  HC1, 1 pa r t  HN03. 

28X. 

Figure 45. Photomicrograph showing the heavy intergranular  
and depletion attack incur red  in the capsules con- 
taining the brazed nickel fins (capsule NO. 72). 
250X: Etchant; 7 pa r t s  HC1, 1 pa r t  HN03, 1 pa r t  

H202' 
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in an intergranular manner. The depths of attack varied from

0. 003 inch to the nickel, 0.007 inch to the braze fillet, and up

to 0. 0095 inch to the tube wall.

One specimen of Waspaloy, that of a section from capsule

No. 28 (3989 hours}, was submitted for electron-beam microprobe

analysis. As shown in Table 24, the attack noted in capsule No. 28

was in the form of leaching to 0.003 inch (zone i} and depletion to

a maximum depth of 0. 005 inch (zone 2}, as illustrated in Figure 42.

In zone 2, the nickel content dropped from 56 w/o to 55 w/o; in

zone i, it dropped to essentially a constant value of 52 w/o. The

chromium content appeared to increase slightly in zone 2 from a

matrix value of 19. 5 w/o to 21. 1 w/o at the start of zone I. In

zone i, the chromium content dropped back to 19.5 w/o and then

rose to a value of 22.6 w/o right at the edge. A decrease in

titanium was found in zone 2 from a matrix value of 3.0 w/o to

1.5 w/o. At the start of zone i, the titanium rose to 8 to i0 w/o

and then dropped off to 3. 5 w/o at the edge. No changes in iron,

molybdenum, cobalt, and aluminum were found in zone 2. How-

ever, in zone i the iron increased from 1.0 w/o to 1.4 w/o, the

molybdenum increased from 4. 3 w/o to 5. 1 w/o, the cobalt dropped

from 13.5 w/o to 12.5 w/o, and the aluminum dropped from i. 3 to

i. 0 w/o.

From the results, it appears that nickel, cobalt, and

aluminum were removed from the Waspaloy. The reason for

the variations in the chromium and titanium concentrations

are not known.

Table 25 shows the results of spectrographic analyses

conducted on samples of lithium fluoride removed from the

Waspaloy capsules. All of the capsules tested revealed an

increase in the after-test aluminum content. Capsule No. 69,

which failed after 2540 hours, showed the greatest pickup in

aluminum, chromium, iron, nickel, and titanium content. The

charge of lithium fluoride from capsule No. 27 was lost, thus

no analyses are reported for the capsule.
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TABLE 25 RESULTS OF SPECTROGRAPHIC ANALYSIS OF THE LITHIUM

FLUORIDE REMOVED FROM CAPSULES FABRICATED OF

WASPALOY

Amount of Element Present (w/o)

Cap sule Time(Hr ) A1 C r Fe Mn Ni Ti

As RecVd LiF 0 (_0. 001 40.001 (0. 001 40.001 Z0.001 (_0. 001

67 1560 0.06 40.001 40. 001 ¢,0.001 0.02 40. 001

68 2540 0.09 ¢,.0.001 (C0.001 (_0.001 &0.001 f,0. 001

69 2540 0. i0 0.05 0.15 _0.001 0.02 0.01

70 2540 0.02 (_0.001 _.0.001 _.0.001 ¢.0.001 _0. 001

71 2540 0,02 4,0. 001 _0. 001 d..OoO01 _0. 001 _0. 001

72 2540 0. ii _.0. 001 0.05 (_0.001 _.0. 001 0.04

73 2540 0. 10 /_0. 001 0.01 4,0. 001 40. 001 0. 01

28 3989 0. 50 0.01 (0. 001 0. 01 0.01 0. 10

27 5992 LiF Lost - Not Enough Available for Analysis
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In addition to corrosive attack, the specimens were

also examined for metallurgical changes. As can be seen in

the respective photomicrographs, there is a considerable dif-

ference in the structure according to the length of exposure.

These differences are listed in Table 26.

Figure 46 shows the microstructure of the Waspaloy

in the as-received condition. Figure 47 is an electron photo-

micrograph showing the as-received microstructure at a

magnification of 6000X. The structure shown is typical of

solution treated Waspaloy. Also, as listed in Table 26, the

material is quite soft {R c 22).

As shown in Figure 40, after 1560 hours, (capsule No. 67)

the structure appears to be that of finely dispersed gamma prime

with massive carbides (M23C 6 and TiC) within the grain boundaries.

The hardness averaged R c 46. Whereas, after 2540 hours (capsule

Nos. 68, 70, 71), the structure appears to be more similar to a

solution annealed material, as illustrated in Figure 41. However,

careful examination reveals the presence of a very fine precipitate

within the grains. Also, after 2540 hours exposure to the cyclic

temperature conditions, the vVaspaloy was not as hard (R c 37)

as it was after 1560 hours (R c 46).

After 3989 hours (capsule No. 28, Figure 42), the micro-

structure shows the presence of a spheroidal gamma prime

precipitate in the matrix. In addition, there appears to be a

depletion of precipitates around the grain boundary. These changes

are further evidenced in Figure 48, which is an electron photo-

micrograph of the exposed material. As shown, the gamma prime

has coalesced into rather massive agglomerates; in addition,

there is evidence of precipitation of a very fine, second-generation

gamma prime. The carbides as shown appear to be going back

into solution. The hardness after 3989 hours averaged R c 39.
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RC 21 

RC 22 

/ I -1 IO I 

Figure  46. Photomicrograph showing the hardness  and the s t ruc ture  
of Waspaloy in the a s - r ece ived  condition. 
Etchant; 10 p a r t s  HC1, 1 p a r t  H202. 

250X: 

Figure 47. Electron photomicrograph showing the as - rece ived  
s t ructure  of Waspaloy a t  6000X. Etchant: 10 p a r t s  
HC1, 1 pa r t  HZOZ. 
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Figure 48. Electronphotomicrograph showing the presence of 
mass ive  agglomerates of gamma prime, a very fine 
second generation gamma prime,and the par t ia l  
solutioning of the carbides  in Waspaloy af ter  3989 
hours. Specimen removed f rom capsule No. 28. 
10, OOOX; Etchant: 10 pa r t s  HC1, 1 p a r t  H202. 

Figure 49. Electron photomicrograph showing the re -  solutioning 
of the massive gamma p r ime  and the carbides  leaving 
a finely disper sed second generation gamma pr ime 
in Waspaloy after 5992 hours  exposure. Specimen 
removed from capsule No. 27. 6000X; Etchant: 10 
pa r t s  HC1, 1 pa r t  H202. 
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In contrast to the capsule exposed 3989 hours, the

microstructure after 5992 hours is quite different. Except

for a few globular areas, the massive gamma prime agglomerates

resolutioned. Also, except for scattered areas, the grain boundary

carbides appear to have partially resolutibned. However, the

hardness, as listed in Table 26, has not changed perceptably as

compared to 3989 hours. These changes are evidenced in Figure

49, which is an electron photomicrograph showing the appearance

of the structure at 6000X. As can be seen, the only predominant

phase remaining is the finely dispersed second generation gamma

prime; although, there is some evidence of carbides within the

grain boundaries.

These differences in structure as a function of time can

be explained in terms of the basic metastability of precipitation

hardening nickel-base alloys. This metastability is illustrated

in Figure 50, which shows the concentration of minor phases

as a function of aging temperature. The greatest amount of

minor phase precipitation occurs in the temperature range
between 1500°F and 1600"F. Around 1800*F, three of the sec-

ondary phases (gamma prime, M23C 6, and TiC) are starting

to go back into solution.

Since the test temperature cycled between 1500"F and

1850"F, it is obvious that the Waspaloy capsule material

fluctuated between temperature regimes which caused precipitation

of the second phases at one extreme and dissolution of these

same phases at the upper temperature level. The result of this

is that after approximately 4000 hours, the precipitated gamma

prime has agglomerated, carbides have precipitated and then

are going back into solution, and a second generation of finely

divided gamma prime is forming. After approximately 6000

hours, the massive gamma prime and the carbides have gone back

into solution; although, it appears that there are some gamma

prime and carbides in the deteriorated grain boundary. The

finely divided second generation gamma prime appears to be the

constituent responsible for maintaining the high hardness level,

even after 6000 hours of exposure.
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3. Dispersion Hardenable

a. TD Nickel

The results of the examination of the five TD Nickel

capsules are listed in Table 27. As shown and discussed

previously, two of the capsules failed after 1327 hours (capsule

No. 18) and 2175 hours (capsule No. 17). Both capsules had

longitudinal seam welds. The welding filler used for both

was Rene 41. Upon examination, both capsules had failed as

the result of a crack through the weld bead. Figure 51 shows

the appearance of the crack found in capsule No. 18. The

exact point of the failure in capsule No. 17 was not located.

However, after opening, visual examination indicated that

capsule No. 17 had definitely leaked. The inside tube wall

around the longitudinal seam weld was discolored. AlCso,

the weld bead was corroded. Figure 52 shows the appearance

of the weld bead from capsule No. 17. In both cases, the weld

bead and the joint between the bead and the wall were selectively

corroded. In capsule No. 18, this attack occurred to a maximum

depth of 0.0004 inch. In capsule No. 17, the attack was much
heavier and ranged in depth up to a maximum of 0. 020 inch.

Examination of the tube walls from capsule No. 18

revealed the presence of light depletion attack to a maximum

depth of 0. 001 inch. This attack is illustrated in Figure 53.

In contrast, examination of specimens from capsule No. 17

revealed a depletion type of attack to a depth of 0. 002 inch,

as shown in Figure 54. Also, there is evidence of grain

recrystallization, probably the result of the depletion of the
tube wall.

Capsule No. 20 (brazed end-caps) was removed from

test after 2175 hours because radiography indicated it to be low

in lithium fluoride content. However, it was found that the

capsule had not leaked. The outer surface of capsule No. 20

was roughened as a result of earlier capsule failures that

occurred during Task II. Apparently, this roughening was

enough to obscure the radiograph and give the appearance of a
low lithium fluoride content.
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TD Ni ck'e 1- 
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OD 

ID 

Figure 51. Photomicrograph of the weld bead in TD Nickel 
capsule No. 
crack and corrosion. 50X; Etchant: 98cc ethyl 
alcohol, 2 c c  HC1, 5 gm FeC13. 

18 showing the appearance of the 

Rene 4 1  
I 

-TD Nickel 

Figure 52. 

Mub 

Photomicrograph showing the cor ros ive  at tack 
which occurred around the Rene 41 weld bead 
in T D  Nickel capsule No. 17. 50X; Etchant: 
lO%(NH4)2S208, 10% KCN. 
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Figure 53. Photomicrograph showing the light depletion to

the wall of TD Nickel capsule No. 18 (13Z7 hours)

ZS0X; Etchant: 98cc ethyl alcohol, Zcc HCf, 5gin FeCI 3.

MILS

Figure 54. Photomicrograph showing the depletion attack to the

wall of TD Nickel capsule No. 17 (Z175 hours) Z50X;

Etchant: 10%(NH4)zSzOg, 10% KCN.
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Examination of the tube wall revealed a pitting type

of attack to a maximum depth of 0, 00 1 inch, as shown in

Figure 55. The braze fillet underwent a leaching attack,

as illustrated in Figure 56. The maximum depth appeared

to be between 0. 02 and 0.04 inch. No evidence of complete

penetration of either the top or bottom braze fillet was found.

Thus, the conclusion was drawn that the capsule did not leak.

A specimen from capsule No. 20 was submitted for

electron-beam microprobe analysis. The results of this

analysis revealed no significant changes in composition

for either nickel or thorium from the center of the specimen
out to the surface. An incandescent violet fluorescense was

noted when the electron beam struck the specimen. This

incandescence is i*idicative of the presence of oxides.

Examination of the specimens removed from capsule

No. 19 (4661 hours) revealed a depletion attack to a maximum

depth of 0. 0035 inch. The attack is illustrated in Figure 57.

Also, as can be seen, recrystallization had occurred along

the surface to a depth of 0.0015 inch. The specimen shown

in Figure 57 was also submitted for electron beam micro-

probe analysis. The results of the microprobe analysis

revealed essentially a complete loss of thorium and an increase

in nickel content in a 1-1/2 rail wide recrystallized band. No

compositional differences in nickel and thorium were found in

the 2 rail wide depleted band beneath the recrystallized band.

During the analysis, a visible violet fluorescence
was noted in the TD nickel matrix. This fluorescence is a

result of electron excitation of the ThO 2. In the recrystallized
band, no fluorescence was noted where the depletion of the

thorium occurred. And in the band where the lightdepletion

occurred, the fluorescence was greatly diminished; whereas,
the thorium content was the same as the matrix. From these

results, it appears that the ThO 2 in the depleted band was
decomposing to thorium dissolved in a nickel matrix. The

recrystallized band is likely the result of the absence of

dispersed ThO z which inhibits grain growth.
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Figure 55, Photomicrograph showing the pitting attack incurred 
by the tube wall f rom TD Nickel capsule No. 20 
(2175 hours).  250X: Unetched. 

- Cap sule W a l l  

-Exposed to 
LiF 

-Capsule Plug 

Figure 56. Photomicrograph showing the leaching attack to the 
GE J8400 braze fillet in TD Nickel capsule No. 20. 
50X; Etchant: 1070 ("4)ZS208, 1070 KCN. 
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Figure 57. Photomicrograph showing the depletion attack along 
the wall f rom TD Nickel capsule No. 
25 OX; Etchant: 10% (NH4)2S208, 10’YoKCN. 

19 (4661 hours)  

Figure 58. Photomicrograph showing the pitting attack along 
the wall f rom TD Nickel capsule No. 21. 250X; I 

Etchant: 3 p a r t s  HC1, 1 p a r t  €€NO3. 
1 
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Examination of specimens removed from capsule No. 21

(9717 hours) revealed the presence of a very light pitting attack

to a depth of 0. 0005 inch. The appearance of the tube wall is

shown in Figure 58. Examination of the braze filled from capsule

No. 21 revealed a leaching attack similar to that shown in Figure

56 (capsule No. 20, 2175 hours). Both the depth and appearance

of the attack was similar to that shown.

The results of the spectrographic analysis of the fluoride

from the TD nickel capsules are listed in Table Z8. As indicated,

all the specimens revealed a general increase in the AI, Cr, Fe

Mn, Ni, and Tlcontent. The probable sources of increase was

either the weld beads or the braze fillets. The most significant

increase was that of aluminum in capsule No. 17. This increase

probably was the result of the attack in the Rene 41 weld bead.

As evidenced in the photomicrographs, some recrystallization

occurred in the TD nickel as the direct result of the removal of the

Thoria from the matrix. There did not appear to be any structural

changes as a result of exposure to the cyclic thermal environment

per-se. Hardness measurements made on the various capsules

did not show any variation as the result of the test conditions.

Table 29 shows the average hardness determined for the various

TD Nickel capsules.

C. Cobalt Base Alloy

i. Haynes Alloy No. 25

Except for the two capsules which had the internally

brazed nickel fins {capsules Nos. 49 and 50), the attack experienced

by Haynes alloy No. 25 was quite minor, even for times as long

as 97 17 hours. As listed in Table 30, the attack was limited to

a surface pitting ranging in depth from 0. 0002 to 0. 001 inch.

Figures 59 and 60 show photomicrographs representative of the

light attack experienced at the various exposure times.

In relation to the above capsules, the heaviest attack

incurred by Haynes alloy No. 25 was experienced in capsules Nos.

49 and 50. Both capsules had internally brazed nickel fins. As

illustrated in Figures 61 and 62 (capsule No. 49), the tube wall,
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TABLE 28 RESULTS OF SPECTROGRAPHIC ANALYSIS OF THE LITHIUM

FLUORIDE REMOVED FROM CAPSULES FABRICATED OF

TD NICKEL

Capsule

As Rec'd LiF 0

18 1327

17 2175

20 2175

19 4661

21 9717

Amount of Element Present (,W/o)
Time ('Hr) A1 Cr Fe lVln Ni Ti

<0.001 <0.001 <0.001 <0.001 <0.001 d0. 001

LiF Lost - Not Enough Enough Available for Analysis

I.0 _0. 001 0.05 <0. 001 0.01 0. 15

0.07 0.05 0.01 0.01 0.01 -

0.25 0.01 <0. 001 0.01 0,02 0. I0

0. 12 0.04 0. 15 0.02 0.04 0. 04

TABLE 29

Cap sule

As Received

18

17

20

19

21

AVERAGE HARDNESS OF TD NICKEL CAPSULES

Time (Hr)

0

1327

2175

Z175

4661

9717

Averase Hardness (RB)

98

95

86

96

96

92.5
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MILS

I I

A, Capsule No. 54, 1560 hours. Etchant:

I part H20 2.

i0 parts HCI,

MILS

I I

21

5.1

4 1

5

6

7

B. Capsule No. 57, 2540 hours.

1 part HNO 3, 1 part H20 2.

Etchant: 7 parts HCf,

C. Capsule No. 16, 4661 hours. Etchant: i0 parts HCI,

1 part H O .
2 2

Figure 59. Photomicrographs illustrating the limited attack

incurred by Haynes alloy No. 25 after the times

shown. 250X.

_ ii0



.A. Capsule No. 52, 5056 hours, Etchant: 3 p a r t s  HC1, 
1 p a r t  "NO3. 

B. Capsule No. 15, 9717 hours, Etchant: 3 p a r t s  HCL, 
1 

Figure 60 .  

p a r t  HNO 

Photomicrographs showing the surface pitting 
incurred by Haynes alloy No. 25 a f te r  5056 
and 9717 hours exposure. 250X. 
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Figure 6 1. Photomicrograph showing the appearance of 
the nickel fin and the braze  fillet f r o m  Haynes 
alloy No. 25 capsule No. 49. 39X; Etchant : 
Dilute Marbles  Etch. 

Figure 62. Photomicrograph showing the light depletion 
attack found along the wall of Haynes alloy 
No. 25 capsule No. 49. 250X; Etchant: 
3 p a r t s  HC1, 1 p a r t  HN03. 
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the braze fillet, and the nickel fin underwent some attack.

As shown in Figure 61, the nickel fin suffered a rather

concentrated intergranular attack to a depth ranging between
0. 002 and 0. 003 inch. The braze fillet was attacked in both

a leaching and depletive manner to approximately the same

depth as for the nickel fin; although, the attack as illustrated

was not as heavy.

As shown in Figure 62, the tube wall underwent a

depletion type of attack to a maximum depth of 0. 002 inch.

The examination of specimens removed from capsule No. 50

revealed the same results as were obtained for capsule No. 49.

The results obtained from spectrographic analyses

conducted on samples of lithium fluoride removed from the Haynes
alloy No. 25 capsules are shown in Table 31. As shown, the

amounts of chromium, iron, manganese, and nickel present in the

after-test lithium fluoride increased for several of the capsules.

However, the results show too much scatter to make any conclusions.

In addition to corrosive attack, the specimens from the

Haynes alloy No. 25 capsules were also examined for changes in

microstructure. Figure 63 shows the microstructure of the

Haynes alloy No. 25 tubing in the as-received condition. The

structure shown is typical of a twinned austenitic material.

The hardness of the as-received Haynes alloy No. 25 ranged

from R c 23 to 32. Figure 64 is an electron photomicrograph
showing the structure enlarged 6000 times.

As illustrated in Figures 65 and 66, the microstructures

present in the various capsule specimens appear on the most part

to be similar. The predominant feature of the structure is the

presence 6f the carbides within the grain and along the grain

boundaries. The only major difference is in the visibility of the

grain boundary. Capsules Nos. 52 and 15 (Figures 60A and B)

show the presence of twin boundaries which are not evident in

the other microstructures. Examination of the specirnens

removed from capsules Nos 52 and 15 (Figures 61A and B) under
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TABLE 31 RESULTS OF SPECTROGRAPHIC ANALYSIS OF THE LITHIUM

FLUORIDE REMOVED FROM CAPSULES FABRICATED OF

HAYNES ALLOY NO. 25

Cap sule

As Recld LiF

54

58

55

57

16

51

52

56

49

50

14

15

Amount of Element Present (w/o)

Time (Hr) Cr Fe Mn Ni

0 (0.001 _0. 001 Z0. 001 <0. 001

1560 (0. 001 Z0. 001 _0. 001 40. 001

1904 ¢_0.001 _0. 001 ,0. 001 40. 001

2540 ¢0. 001 O. 02 _.0. 001 £0. 001

2540 (_0.001 0.01 0.03 (_0.001

4661 _0. 001 0.01 0. 10 0.01

5056 o.o5 o.o2 o.05 40. ooi

5056 <0. 001 (,0. 001 0.02 <0.001

5056 ¢o. OOl (o.ooi <o. ooi _o. ooi

5056 _'0.O01 (0. 001 4,0.001 4_0.001

5056 #.o.ooi <o.ooi _ o. ooi _o. ooi

9717 0.02 0.03 0.02 <0.001

97 17 0. 0Z 0. 12 0.03 0.05
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Figure 63. Photomicrograph showing the s t ruc ture  of Haynes 
alloy No. 25 in the as - rece ived  condition. 250X; 
Etchant: HC1 + HZ02. 

Figure 64. Electron photomicrograph showing the twinned 
austenitic s t ructure  of the as-received Haynes 
alloy No. 25. 6000X; Etchant: HC1 t H202. 
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Figure 65. Electron photomicrograph showing the presence  of 
carbides  along the grain boundaries and within the 
grains  af ter  1560 hours  (capsule  54) 
6000X; Etchant: 10 p a r t s  HC1, 1 p a r t  HZOZ. 

Figure 66. Electron photomicrograph showing the presence  of 
carbides along the grain boundaries and within the 
grains af ter  4661 hours  (capsule  No. 16) 
6000X. Etchant: 10 p a r t s  HC1, 1 p a r t  H2O2. 
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the electron microscope revealed only the presence of carbides,

as illustrated previously in Figures 65 and 66.

Hardness measurements made on the capsules are

listed in Table 32. In general, there was an increase in hardness

as a result of exposure to the cyclic elevated temperature

conditions. The hardness increase appeared to have occurred

during the first 1560 hours of test. After this initial rise, the

results tend to scatter between R c 32 and R c 47.5
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TABLE 32 AVERAGE HARDNESS OF HAYNES ALLOY NO. Z5 CAPSULES

Capsule Time (Hr) Average Hardness (R c)

As Received 0 23 - 32

54 1560 47.5

58 1904 31.0

55 Z540 41.5

57 Z540 45.5

16 4661 47

51 5056 3Z - 39.5

5Z 5056 33.5

56 5O56 38

49 5056 38.5

50 5056 3Z- 39

14 9717 40.5

15 9717 32
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VIII. DISCUSSION OF RESULTS

A. Corrosion

The results obtained on the corrosion of the eleven

candidate heat receiver alloys by lithium fluoride have been

condensed and incorporated into Table 33. As indicated in the

table, these results are scattered with respect to exposure

time. Thus some care must be exercised in comparing the

corrosion resistance of the various alloys. Keeping this
reservation in mind, the results can be compared and dis-

cussed in a general manner. Because of the variety of alloys

tested, and the capsule configuration the discussion is divided

generally according to the alloy base metal, capsule geometry;

and joining methods.

1. Iron Base Alloys

The comparison between the three base alloys is

quite difficult because of different test times for the alloys.

However, in comparing the results shown in Table 33, the

Haynes alloy No. 56 suffered attack to 0.00 15 inch after

4661 hours whereas the Incoloy 800 was attacked to a depth
between 0.003 and 0.005 inch after 5056 hours. After 9717

hour@ the maximum depth of attack to Haynes alloy No. 56

was 0. 0035 inch. Thus the Haynes alloy No. 56 seems to be

slightly more resistant to corrosion by lithium fluoride than

Incoloy 800. In contrast, after 1560 hours and 2540 hours the

Type 318 stainless steel showed almost a complete lack

of corrosive attack (0.0005 inch}. Thus; on the basis of

corrosion resistance, the Type 318 stainless steel appears

to be the most suitable for containing lithium fluoride to

temperatures up to 1850"F.
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2. Nickel Base Alloys

Both of the solid solution type nickel base alloys,

Hastelloy N and I-Iastelloy X, were extensively investigated.

Although the resu_'B show some scatter, neither alloy

appeared to be seriously attacked. Both alloys after 9000

plus hours of testing revealed a light pitting and/or depletion

attack to depths ranging from 0. 0005 and 0. 001 inch. From

a standpoint of corrosion resistance, both alloys would be

quite acceptable for use as a lithium fluoride container
material.

However, the precipitation-hardenable nickel base

alloys revealed a great variation in corrosion resistance.

Both Rene 41 and Udimet 500 showed considerable suscep-

tibility to lithium fluoride attack. However, because of

the capsule failures that occurred for these two alloys, it

is felt that the results contain too many variables to make

any direct comparisons. Waspaloy appeared quite suscep-

tible to attack by lithium fluoride (0.00T'inch attack in 1560

hours}. Whereas, except for capsule No. 32 which suffered

a failure, Inconel X-750 seemed to be compatible with lithium

fluoride for times up to 5056 hours.

The results obtained on the dispersion hardening

TD Nickel are alsoquite scattered. As listed in Table 33,

the greatest corrosion occurred after 4661 hours. The

attack occurred as a depletion of thoria from the matrix to

a depth of 0.0035 inch. In contrast, after 9717 hours, a

very limited depletion and pitting attack was found occurring

to a maximum depth of 0. 0005 inch. No explanation can be

offered for this apparent anomaly.
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The primary problem associated with TD nickel is

developing a suitable method of joining. Under the conditions

imposed, one of the recommended welding filler materials,

Rene 41, did not appear at all compatible to lithium fluoride.

Likewise, the braze material (GE alloy J8400 - capsule

Nos. 20 and 21) did not show much promise.

3. Cobalt Base Alloy

Haynes alloy No. 25 was quite extensively investigated.

The results showed some scatter; however, in general, the alloy

demonstrated good resistance to attack by lithium fluoride for

periods up to 9717 hours.

4. Finned Capsules

In general the addition of internally brazed nickel-

base fins produced greater degrees of attack_ The capsule

walls, in the presence_ Of/_ickel fins, were more heavily

attacked than the walls of the capsules without fins. The

fins and the braze filler were also attacked. The depths of

attack incurred tended to follow the susceptibility of the capsule

material to attack by lithium fluoride. Of the six capsules

fabricated in this manner, the two Waspaloy capsules showed

a more severe attack than the Hastelloy X or I-I_ynes alloy
No. 25 capsules. However, the evaluation of tl_e attack

incurred by the I-Iastelloy X was somewhat affected by the

failures which had occurred during test.

The increased corrosion which took place is probably

the result of dissimilar metal effects. Manly(7) has previously

described this phenomenon for liquid metals. This dissimilar

metal effect has also been noted £or lithium hydride(9).
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After the finned capsules were opened, some distortion

of the fins was noted. However, it is not known as to whether

or not this distortion was caused by exposure to the test conditions

or by mechanical effects suchas dissection of the capsules during

evaluation. If the occurance of fin distortion is critical, it is

suggested that tests be conducted using a fin configuration closer

in size and shape t0that planned for use in a heat-receiver.

5. Capsule Failures

Except for the two Hastelloy X capsules containing the

nickel fins, all of the failures occurred in capsules either

fabricated from nickel base precipitation hardening alloys or

those which were welded with a filler material of a nickel-

base precipitation-hardening alloy composition. None of the

failures were the result of LiF corrosion. Except for the

Rene 41 capsules, the failures occurred either within a weld

or adjacent to a Weld.

For all the capsules that suffered fractures, the

greatest concentration of corrosive attack was along the

fracture surface. Away from the failure, the corrosive attack

was usually significantly less. Once the crack had formed,

the lithium fluoride inside the capsule was exposed to the argon

atmosphere that was present in the capsule container. As

container failures have demonstrated, enough water is present

in the argon to allow generation of hydrogen fluoride, which

is extremely corrosive at the temperature of operation. Those

capsules which were placed in protective jackets suffered less

corrosion as a result of failure. The primary reason was the

fact that the fluoride was still contained by the outer jacket

and insulated from a continual source of water contamination.

The succes sful welding of precipitation hardening

nickel-base alloys such as Rene 41 or Udimet 500 is a difficult

art. Primarily, the difficulties result from the presence of

the precipitation hardening constituents, aluminum and titanium.
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During welding, part of the heat affected zone is heated high

enough to undergo age hardening and thus the precipitation

of a Ni_(A1, Ti) compound. The precipitation of this compound

results_in a volumetric change in the base metal which causes

a distortion of the metallic lattice. As a result, mechanical stresses

are created within the heat affected zone. Also, the age hardened

metal exhibits a ductility which is significantly lower than that

of a non-age hardened material. Along with this, non-uniform

heating and cooling during welding and shrinkage of the weld bead

during coolin_ can add to the stress level of the heat affected

zone, especially if the part being welded is restrained. Because

of the low ductility and stresses imposed, the heat affected zone is

quite susceptible to failure through cracking. The only way to prevent

this is to weld the alloy in the solution treated condition, and immediately

after welding anneal and place the aluminum and titanium back into
solution.

However, because of the complex geometric configuration

of the Brayton Cycle heat receiver, it would be difficult to provide

a post-weld heat treatment for two reasons: (1) heat treat equipment

of sufficient capacity would not be available, and (2) the cost of
fabrication of the receiver would be substantially increased if a

post-weld heat treatment was necessary. Therefore, the capsules

fabricated in Task IIwere not heat treated after welding. However,

subsequent capsules fabricated in Task III were heat treated after

welding.

In that no post-weld heat treatments were made on the

capsules in Task II, the results point to the formation of excessive

stresses in or about the weld area resulting from welding. The

one Waspaloy capsule and the one Inconel X-750 capsule fabricated

under Task HI appeared to fail:as the result of a pin hole or welding

flaw. Thus, if nickel-base precipitation hardening alloys are used

for the heat receiver, the welding practice during all joining

operations must be carefully controlled to prevent the formation

of excessive post-weld stresses.
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Also, post-weld stress relief heat treatment ofth'e welded

structure will probably be required.

Although a thorough analysis was not conducted, the

failure of the two nickel-finned Hastelloy X capsules appeared

to be the result of both microstructural and mechanical

causes. As noted in the photomicrograph, a rather massive

precipitate was present within the grain boundaries. The

composition of this precipitate is not known; however, it is

probably a carbide. The presence of such large precipitates

would probably result in a very b_:ittle grain boundary. Thus,

if the fluoride in the capsule were to melt unevenly, rather

large mechanical stresses within the tube wall could result.

Lithium fluoride expands approximately 29 per cent upon

melting. Thus, if the fluoride in the bottom of the capsule

were to melt first and expansion was restrained by lithium

fluoride still frozen around the fins, the 29 per cent expansion

could be enough to split the tube wall.

6. Welding

Except for the use of precipitation-hardenable

nickel base alloys, welding seems to pose no particular

problems. Except as where previously cited, the weld bead

in the longitudinally welded capsules did not appear to be

attacked any more severely than the base metal.

7. Capsule Cleaning and Fluoride Purity

In considering the results, even though scattered,

neither capsule cleaning techniques (chemical, vacuum, or

hydrogen) nor fluoride purity within the levels tested, (99. 5

to 99.9 per cent by weight lithium fluoride) seemed to have
an effect on the amounts of corrosive attack incurred.
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8. Classification of Alloys

A classification system based upon the corrosion

penetration was empirically chosen. In general, it should

be considered a guide line in that the data on which it is

based are rather scattered. Also, the system does not

completely take into account such variables as methods of

cleaning, differences inlpurity, welding techniques, and other

such variables. In addition, the assumption of linear cor-

rosion rates was made. On th_ basis of this, the materials

tested are classified as follows:

I. 0 - 0.001 inch penetration in I0,000 hours

Type 318 Stainle ss Ste el

Hastelloy N

Hastelloy X

Haynes alloy No. 25

Inconel X-750

TD Nickel

2. 0.001 to 0.005 inch penetration in i0,000 hours

Incoloy 800

Haynes alloy No. 56

3. 0. 005 inch penetration or more

Waspaloy

Rene 41

Udimet 500

126



ER 6561

B. Metallurgical Stability

From the standpoint of corrosion resistance, six

of the alloys discussed appear to be attractive. However,
other/factors must be considered before a final choice is

made. For example, TD mickel presents fabrication or

welding problems. In fact, all of the alloys present

problems of one sort or another. The primary source of

difficulty results from the fact that most of the alloys

tested were originally designed for structural use up to a

temperature of 1600°F.

Inconel X-750 is an alloy that can undergo pre-

cipitation reactions. It is these reactions that provide

its high temperature strength. However, using the

discussion of Waspaloy as an analogy, Inconel X could

conceivably present problems. Data for Inconel X-750

have been obtained only for 1560 and 5056 hours exposure

to lithium fluoride. Up to this time duration, no perceptable

changes have been noticed. However, the operating

temperatures encompass the low end of the solutioning

temperature range and the high end of the precipitation

temperature range. Thus, as with Waspaloy, the internal

structure of Inconel X-750 could be placed into a constant

flux, never stable. As discussed, examination of Waspaloy

specimens revealed different microstructures at diffierent

exposure times. There did not appear to be a stable

microstructureunder the conditions imposed. Also,

visual inspection of Wa6paloy capsules after test revealed

that the capsule tubes had distorted in the axial direction.

They changed from straight lengths to crescent shape_.

Hastelloy N, and Type 3I 8 Stainless Steel are alloys

that are essentially dependent upon the mechansim of solid

solution hardening for their mechanical strength. This

strengthening is obtained thr0ugh the dfstortion of the metal

lattice by the alloying elements. This can occur,in both
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a substitutional and interstitial manner. However, at the

elevated temperatures of exposure, the atomic,Tnobility

of the alloys attains a high level, such that strength

through lattice distortion no longer can exist.

In contrast, Hastelloy X and I-Iaynes alloy No. 25

be sides solid solution hardening, have the advantage of age

hardening effects of carbides. And, in the case of Haynes

alloy No. 25, precipitation of the CozW adds further

strengthening advantages. However, at the elevated

temperatures in question, these alloys will suffer strength

losses as the result of agglomeration of precipitates. Also,

as discussed under capsule failures, Hastelloy X showed

a tendency for high temperature brittle_ness. It is not

known if this was the result of exposure or if the presence

of silicon in the brazing alloy had some effect.

From a viewpoint of microstructure, it is felt

that because of its more complex nature, Haynes alloy No.

will retain its mechanical strength properties better than

the other alloys.
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IX. CONCLUSIONS

In this investigation of the corrosion of alloys by lithium

fluoride, the approach to the problem was made in a manner

such that the greatest amount of information could be derived and

accumulated in the time alloted. The objective was to insure a

reliable selection of a material to contain lithium fluoride under

the conditions specified for the NASA Brayton Cycle system.

Because of the need for this information, several facets of this

corrosion study, such as mechanisms of attack, were not fully

explored. It is hoped that future work in the field of litl_ium

fluoride corrosion will provide an ingress into these relatively

unexplored fields. Nevertheless, on the basis of the results

of the investigation carried out, the following conclusions can
be made:

. With respect to corrosion resistance and

metallurgical stability, Haynes alloy No. _5

appears to be the best suited for use as the

heat receiver material of construction.

Zo With respect to corrosion resistance alone,

five other alloys could be considered for use

in containing lithium :fluoride. These are

Hastelloy X, Hastelloy N, Inconel X-750,

TD Nickel,- and Type 318 Stainless Steel.

However, from a, standpoint of high temper-

ature strength or metallurgical stability, these

five alloys do not appear to be as good as

Haynes alloy No. Z5.

. The method of cleaning the capsules (chemical,

vacuum annealing or hydrogen annealing) did not

appear to affect the degree of corrosive attack

experienced.
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The degree of purity of lithium fluoride between

99. 5 per cent and 99.9 per cent (by weight lithium

fluoride} did not appear to have any significant

effect on the degree of corrosive attack experienced.

Alloys containing both aluminum and titanium

(precipitation hardenable nickel base alloys} appeared

to be the most susceptable alloys to lithium fluoride
attack.

In general, from the standpoint of corrosion resistance

or metallurgical stability, the precipitation-hardenable

nickel-base alloys do not appear to be suitable for use

as the heat receiver material of construction.

The presence of brazed nickel fins increased the degree

of attack in the three capsule alloy systems investigated.

Except for the precipitation-hardenable nickel-base

alleys, the choice of welding filler material did not

appear to be critical.

Both braze materials tested demonstrated a susceptability

to corrosive attack by lithium fluoride. On the basi6 of

the results, these two materials must be placed in Cla=._

3 (0.005 inch or more corrosive penetration in 10, 000

hours).

The nickel fin material tested was susceptable to cor-

rosive attack by lithium fluoride. On the basis of the
results the nickel would have to be classified as Class

3 material (0. 005 inch or more corrosive penetration
in 10, 000 hours}.
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